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The energy dissipation mechanism of energetic materials (EMs) is very important for keeping safety. We choose
nitrobenzene as a model of EM and employ transient absorption (TA) spectroscopy and time-resolved coherent anti-stokes
Raman scattering (CARS) to clarify its energy dissipation mechanism. The TA data confirms that the excited nitrobenzene
spends about 16 ps finishing the twist intramolecular charge transfer from benzene to nitro group, and dissipates its energy
through the rapid vibration relaxation in the initial excited state. And then the dynamics of vibrational modes (VMs) in the
ground state of nitrobenzene, which are located at 682 cm™! (v1), 854 cm™! (v2), 1006 cm™! (v3), and 1023 cm™! (v4),
is scanned by CARS. It exhibits that the excess energy of nitrobenzene on the ground state would further dissipate through
intramolecular vibrational redistribution based on the vibrational cooling of v; and v, modes, v; and v4 modes, and v3 and
v4 modes. Moreover, the vibration—vibration coupling depends not only on the energy levels of VMs, but also on the spatial

position of chemical bonds relative to the VM.

Keywords: energy dissipation, charge transfer, transient absorption, coherent anti-stokes Raman scattering

(CARS)
PACS: 42.65.5f, 42.65.Dr, 42.65.-k

1. Introduction

The interest in the energetic material has increased
rapidly in the last three decades. It is one type of important
functional materials and plays an important role in the fields of
military affairs and civilian engineering.!") Therefore, people
have paid much attention to understand the reaction mecha-
nism, so as to further employ the energetic materials. The pre-
vious report!?! shows that the macroscopic properties of ener-
getic materials are much sensitive to the physical and chemical
processes on the atomic or molecular scale and are also de-
pendent on the excitation conditions. According to the special
characteristics of energetic materials, the energy dissipation
mechanism is very important to improve the safety and prop-
erties of energetic materials. 3] However, this process covers
from femtosecond to nanosecond time scales and is much de-
pendent on the relaxation of excited state and the damping os-
cillation of chemical bonds.!* Besides the relaxation between
the electronic states, the vibrational cooling and vibration—
vibrational coupling also participate in the energy dissipation
through intramolecular vibrational redistribution (IVR) 151 or
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multi-phonon up-pumping,[® even though the energetic ma-
terials are located on the ground state. These complex dy-
namic processes would affect the excess energy redistribution
in the energetic materials, which would induce the cleavage
of the reaction bond and release chemical energy of energetic
materials.!”! This finally affects the explosion rate and the re-
action products. Therefore, it is very important to clarify the
energy dissipation mechanism of energetic materials in de-
tail. However, the most test technique for energetic materials
could not offer the kinetic information, such as the relaxation
of energy state or the vibrational cooling. Fortunately, tran-
sient absorption (TA) technique and the time-resolved coher-
ent anti-Stokes Raman scattering (CARS) technique are two
types of important ultrafast spectroscopy techniques. The for-
mer would offer the kinetic relaxation of materials in the ex-
cited state and the latter would clarify the vibration cooling
and vibration—vibration coupling of chemical bonds. There-
fore, we believe that the dissipation mechanism of energetic
materials would be clarified by employing the TA and CARS.
Among these energetic materials, the energetic materials with
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nitro unit are frequently used for a variety of applications. [8-10]

So, we select nitrobenzene as a model object and discuss the
energy dissipation mechanism of energetic materials by con-
sidering its energy dissipation between electronic states and
that of vibrational modes together.

In this work, we study the energy dissipation process
of nitrobenzene by employing transient absorption technique
which detects the energy dissipation between electronic states,
and time-resolved coherent anti-Stokes Raman scattering tech-
nique which tracks vibration relaxation dynamics among dif-
ferent vibrational modes in nitrobenzene. As a result, the re-
laxation between electronic states and the dynamics among vi-
brational energy levels are both disentangled in detail. Our
results originated from TA and CARS would help us to under-
stand the energy dissipation process of nitrobenzene at great
length.

2. Experiment

Briefly, we employ a mode-lock Ti:sapphire femtosecond
laser system (Coherent), which offers 2.6 mJ, 130-fs pulses
at 800 nm with a repetition rate of 500 Hz. The output of
the femtosecond laser beam is split into two parts by a beam
splitter (9:1); the major one is frequency-doubled by a 1-mm
thick beta barium borate (BBO) crystal to generate 400-nm
pulses, which will be used as the pump pulse, while the mi-
nor one is focused into a 5-mm quartz cell filled with water

to generate a white light continuum as the probe pulse. The
excitation pulse (400 nm) is sent to a delay line and modu-
lated by a synchronized optical chopper (Terahertz Technolo-
gies Inc., C-995) with a frequency of 250 Hz and used as the
pump beam to excite the sample. The excitation spot is about
0.3 mm in diameter. The TA spectrum is carried out by a spec-
trometer (AvaSpec-2048x16). The time-resolved CARS sys-

ILI2] The laser pulse is split into

tem setup is shown in Fig. 1.1
three pulses by two beam splitters. Two of them with wave
vectors k; and k, act as pump light. The third one act as
Stokes light with wave vector ks. The three beams are spa-
tially focused into the sample in the folded box geometry.
Herein, the pump (k; and k;) and Stokes (ks) are coming
from the noncollinear optical parametric amplifiers NOPA|
and NOPA,, and their wavelengths are 560 nm and 600 nm,
respectively. Through adjusting the energy difference (Av) be-
tween the pump and Stokes laser, the Raman transition from
600 cm™! to 1100 cm™! may be excited resonantly. Actu-
ally, the vibrational modes of nitrobenzene would be easily
detected owing to the broad femtosecond pulse in frequency
domain, which would cover multi-vibration modes simulta-
neously. The CARS spectrum is carried out by a spectrome-
ter (AvaSpec-2048x16). The dynamic signal is obtained by a
photomultiplier tube (Zolix, PMTH-S1-CR131) connected to
the lock-in amplifier (SR830, DSP). The sample of nitroben-
zene is produced by Beijing Chemical Works and the purity is
99.5%. Nitrobenzene is hold in a 1-mm quartz cuvette.
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Fig. 1. (color online) Schematic diagram of the CARS system. BS: beam splitter (50% R:50% T). Inset: the BOXCARS configuration

of CARS.
3. Results and discussion

The transient absorption (TA) is employed to probe the
photo-excitation relaxation process of nitrobenzene. The ni-
trobenzene does not emit photons after photo-excitation, sug-
gesting that the excited nitrobenzene would release its en-
ergy non-radiatively. Meanwhile, the excess energy originated
from photo-excitation would heat up the nitrobenzene.!'*! Fig-
ure 2(a) exhibits the time-dependent TA spectra, where a broad

negative band appears in the TA spectra. This negative band

is mainly located in the visible region and out of the ab-
sorption spectrum of nitrobenzene, implying that this spec-
tral feature should be assigned to the excited state absorp-
tion (ESA). There is a rising behavior in the frequency do-
main from 590 nm to 700 nm, and then its amplitude grad-
ually decreases after 40 ps. This dynamic behavior indicates
that the ESA signal should be originated from the intermediate

[14,15

state. 1 The previous work has pointed out that this inter-

mediate state should be assigned to the twisted intramolecu-
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lar charge transfer (TICT) formation in excited states,!'®!7]
where the benzene (donor) and nitro (acceptor) group orbitals
of the system exist in an orthogonal conformation in the ex-
cited state.['8] The rising spectral feature in TA spectra should
correspond to the TICT process from the benzene to the ni-
tro unit. Figures 2(b) and 2(c) present the TA curves of ni-
trobenzene at different wavelengths. The temporal trace at
670 nm exhibits that a rising component appears in the initial
dynamic process with lifetime (7g) of 16.1 ps, corresponding
to the generation process of TICT after photo-excitation. And
then this intensity monotonically decreases with time and its

lifetime (7p) is about 762 ps, which is used to describe the re-
laxation process of TICT. The dynamics at 475 nm display a
monotonous relaxation process. To retrieve characteristic time
constants, this dynamic curve is fitted by tri-exponential de-
cay and the results are given in Fig. 2(b). Tyr is about 690 fs,
whose dynamic process is so rapid that it should be attributed
to the vibration relaxation. 7g and 7p in Fig. 2(b) are about
15.2 ps and 751 ps, which should be assigned to the genera-
tion and relaxation lifetimes of TICT, respectively, owing to

the similar lifetime.
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Fig. 2. (color online) (a) Time-dependent TA spectra of nitrobenzene, and the corresponding TA curves at (b) 475 nm and (c) 670 nm;
(d) the corresponding energy dissipation mechanism among electronic states of nitrobenzene.
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Fig. 3. (color online) Raman and CARS spectra of nitrobenzene. Note that
the CARS signal (red line) overlaps with the four Raman peaks named v;
(682 cm™1), v, (854 cm™!), v3 (1006 cm™'), and v4 (1023 cm™"). Inset: the
picture of CARS signal.

After the excited nitrobenzene relaxes on the ground state,
the excess energy on the ground state would further dissi-
pate through the vibrational dynamic behaviors involving the

IVR or the vibration—vibrational coupling (VC). Therefore,
the time-resolved CARS is employed to track the vibrational

dynamics. Figure 3 offers the Raman spectrum and the CARS
signal of nitrobenzene, where the CARS signal covers about
four Raman peaks named vy, v, v3, and v4, which correspond
to 682 cm™!, 854 cm~!, 1006 cm™!, and 1023 cm™!, respec-
tively. The corresponding motion manners are summarized in
Table 1. The real picture of CARS signal and other lasers is
given in the inset of Fig. 3. The direction of CARS signal is
different from that of other lasers, and the detection without
background would be easily obtained.

Table 1. Theoretical and experimental values of Raman shift (in unit
cm™ 1) of nitrobenzene. 1]

Modes Theoretical value Experimental value Description
Vi 677 682 C=C-C in-plane bend
vy 843 854 C=C-C in-plane bend
V3 994 1006 C=C-C trigonal bend
V4 1015 1023 C=C-H in-plane bend

For a better understanding of the relationship of vibra-
tion modes appearing in CARS spectrum, figure 4(a) offers
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the dynamic curve of total CARS signal in the direction of
k| + k> — ks. Apparently, there is an obvious oscillation com-
ponent signal originated from the vibration—vibration cou-
pling, which is overlapped on the relaxation curve. Moreover,
the amplitude of oscillation component decreases at the same
time. In order to quantitatively analyze their components, we
have to gradually extract these dynamic components from the
relaxation curve of CARS signal. Note that the Gaussian curve
is located near the zero time, which corresponds to the non-
resonant electronic background.?”! This Gaussian component
is related to the electron response to the electric filed compo-
nent of light. Herein, the relaxation component follows an ex-
ponential relaxation behavior, which should correspond to the
dephasing process of vibration modes. After the data fitting, it
is found that the dephasing lifetime of these vibration modes is
about 550 fs. The quantum beating signal appears in the relax-
ation curve of CARS signal as seen in Fig. 4(a), which is as-
signed to the coherent coupling of vibration modes originated
from chemical bonds. In order to analyze this quantum beating

2] 7
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Fig. 4. (color online) (a) The dynamic curve containing the Gaussian curve
(orange line); (b) the relaxation curve involving exponential decay curve
(black square), oscillation signal (red circle), dephasing component (blue
line), and the amplitude relaxation of oscillation signal (green line); (c) the
result of the Fourier transformation of the oscillation component as shown
in panels (b); (d) the coupling mechanism of v; (682 cm™Y), vy (854 cm™ 1),
v3 (1006 cm™"), and v4 (1023 cm™") vibrational modes in the nitrobenzene.
Inset: The total signal relaxation curve in logarithmic coordinate.

signal, the corresponding oscillation component is extracted
in Fig. 4(b). Apparently, its amplitude decreases with time,
since the population in the vibrational modes would gradu-
ally decrease due to damping vibration originated from the in-
elastic collision with the surrounding nitrobenzene in the en-
vironment. Its lifetime is about 600 fs based on data analysis.
And then, the oscillation component from 0.23 ps to 2.5 ps,
which is originated from the vibration—vibration coupling, is
confirmed by Fourier transform power spectra,?!l as shown
in Fig. 4(c). There are three peaks at 15 cm™!, 172 cm™',
and 341 cm™! in the frequency domain. According to the Ra-
man spectrum of nitrobenzene in the inset of Fig. 3, it is found
that these values should correspond to the energy of v4 — v3,
vy —v1, and v4 — vy, suggesting that the v4 mode is coupled
with v3 mode, v, mode is coupled with v; mode, and v4 mode
is coupled with v; mode, respectively, which is summarized
in Fig. 4(d). It means that the IVR would occur among these
vibrational modes. According to the molecular structure of ni-
trobenzene, the vibration—vibration (V-V) coupling depends
not only on the energy level but also on the spatial position of
chemical bonds relative to the vibration mode. Moreover, the
spatial position may play a distinctive role in the vibration—
vibrational coupling in comparison with the energy level of
the vibrational mode.

4. Conclusions

In summary, these data allow us to draw a detailed map
of the relaxation pathways of excited nitrobenzene. It is found
that the excited nitrobenzene has to spend about 16 ps carrying
out structural twist to finish the intramolecular charge transfer
from benzene to nitro group. Simultaneously, the excited ni-
trobenzene also dissipates its energy through the rapid vibra-
tion relaxation. After that, the nitrobenzene in the TICT state
would relax to the ground state. Then, dynamics of vibrational
modes in the ground state of nitrobenzene located at 682 cm™!
(v1), 854 cm™! (1p), 1006 cm™! (v3), and 1023 cm ™! (vy), is
scanned by time-resolved CARS, which are all distributed on
the benzene ring. Since the distance between the chemical
bonds corresponding to these vibration modes is very close,
the couplings of v4 and v3, v, and vy, and v4 and v; really ex-
ist, which would influence the intramolecular energy redistri-
bution. The IVR process depends not only on the energy level
but also on the spatial position of chemical bonds relative to

the vibration mode.
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