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HIGHLIGHTS

® Femtosecond CARS data of nitro-substituted tetrazole-N-(hetero)aryl derivatives reported.

® Femtosecond CARS transients and FFT revealed possible IVR mechanisms.

® The dephasing times were found to be < 200 fs for both the molecules investigated.

® Molecule with superior energetic properties possessed faster relaxation times.
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We report the time and frequency-resolved coherent anti-Stokes Raman spectroscopy (CARS) data of nitro-
substituted tetrazole-N-(hetero)aryl derivatives with ~ 50 fs pulses. CARS experiments were performed to
comprehend the intramolecular vibrational redistribution (IVR) dynamics through vibrational couplings in
Amino (6) and Nitro (8) substituted tetrazoles. The present study elevates the applications of tetrazoles deri-
vatives since their energetic properties are comparable with the secondary explosives RDX/TNT. The Fourier

transforms of the CARS transients revealed the possible IVR mechanisms in tetrazole-N-(hetero)aryl derivatives.
Further, the average coherent vibrational decay time (T,) were estimated to be in the range of ~120-200 fs from

the CARS transients.

1. Introduction

The invention of ultrafast lasers brought novel possibilities of
probing and understanding the ultrafast phenomena such as electronic
and vibrational dynamics in the ground/excited state of the molecules
[1-4]. Energetic materials (EMs) store enormous energy in the chemical
form that can be easily converted to kinetic energy by molecular de-
composition and retrieved energy can be used in industrial and military
applications [5]. Excited-state dynamics of the energetic materials
provide an insight into the molecular decomposition mechanisms for
different ignition processes, such as heat, shock and compression waves
etc. [5,6]. The compression of the material at a pressure of 30 GPa or
above could induce an electronic excitation nearly equal to the lowest
singlet excited states of EMs [6,7]. The investigation of the electronic,
chemical and structural changes of the excited states of EMs enables us
to understand the behaviour of EMs at the molecular level.

* Corresponding authors.

Consequently, a lot of research has been performed to understand the
reaction mechanisms in EMs along with the enhanced safety measures
[8-13]. The non-radiative transitions of the excited states of the mo-
lecules produce local heating that causes to form hotspots which initiate
the chain reactions in EMs [14]. Infrared (IR) photons play a prominent
role in the generation of such hotspots [15]. In the microscopic view,
the heat or shock front can be regarded as the superposition of vibra-
tions of chemical bonds and the shock waves influence the EMs to
undergo a series of energy transfer processes prior to the disruption of
these bonds. When an EM interacts with a shock wave, initially, a
number of phonons will be generated and later, the low-frequency vi-
brational modes get excite through phonon-vibron coupling i.e. multi-
phonon up-pumping [16,17]. Further, the vibrational energy transfer
occurs from one vibrational mode to the other known as intramolecular
vibrational redistribution (IVR). During the IVR, distributed energies
localized in one or a few chemical bonds dissociate and trigger the
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ignition [18]. Therefore, IVR directly affects the vibrational energy
transfer and the breaking of chemical bonds in EMs. However, the vi-
sualization of ultrafast coherent phenomenon such as IVR is tedious
since it involves the coupling of several vibrational modes [18]. In this
context, excitation and relaxations of vibrational modes of EMs are
performed at UV or IR range and occurs in a time scale 100 fs. The EMs
can be excited to higher states under UV laser illumination and this
leads to decomposition [19,20]. Consequently, the ground electronic,
vibrational states of EMs have been recognized to be prominent in the
energy transferring processes.

Nitro-substituted arene compounds are very important in defence
and civilian applications due to their interesting energetic properties
[21]. However, the well-known polynitro arenes such as TNT, TATB,
Picric acid etc. exhibit moderate performance [22]. Recently, it was
reported that the derivatives of azole substituted polynitro-arenes en-
hance densities and performance [23]. Especially, the substitution of
azoles i.e. triazole/tetrazole improves the positive heat of formation
due to the higher amounts of nitrogen [24-27]. Kommu et al. reported
that the tetrazole substituted polynitro-arene derivatives exhibit su-
perior energetic properties those prevail over TNT [28]. In this regard,
coherent anti-Stokes Raman spectroscopy (CARS) is an efficient tech-
nique to probe the ground state vibrational dynamics of the molecules
with higher temporal and spectral resolutions in both gas and liquid
phases [29-34]. CARS is a coherent, nonlinear technique in which all
the inelastic Raman scattered photons emerge out in one direction as a
laser. Employment of ultrafast lasers enables the novel possibilities of
time and frequency-resolved CARS spectroscopies to probe the vibra-
tional dynamics that occur in the time scales shorter than molecular
vibration period ~100 fs. In a femtosecond time-resolved CARS (TR-
CARS) experiment, several vibrational modes of the molecules can be
excited simultaneously, and the relaxation processes can be probed in
real-time. TR-CARS also enables us to estimate the dephasing times and
collisional relaxation times of the interested vibrational modes in so-
lutions. Additionally, TR-CARS investigate the excited state dynamics of
vibrational modes. However, the excitation of molecular vibrational
modes with fs broadband pulses in CARS experiment limits the spectral
resolution, and it can be eliminated by employing pulse shaping tech-
niques [35,36] to trigger selective absorptions. The analysis of TR-CARS
spectra provokes the insight on intermolecular interactions as well as
the molecular structure. To understand the molecular dynamics of the
complex and nitrogen-rich EMs (tetrazole-N-(hetero) aryl derivatives
namely 2,6-dinitro-4-(1H-tetrazole-1-yl)aniline (C;HsN,O4) and 1-
(3,4,5-trinitrophenyl)-1H-tetrazole(C;H3N,Og) femtosecond TR-CARS
has been employed. To avoid the ambiguity in the description of the
recorded TR CARS data, of two nitro substituted molecules, 2,6-dinitro-
4-(1H-tetrazole-1-yl)aniline (C,HsN,O4) and 1-(3,4,5-trinitrophenyl)-
1H-tetrazole(C;H3N,Og) are labelled as 6 and 8, respectively.

2. Experiments

The experimental setup for TR-CARS is illustrated in Fig. 1. A Ti:-
Sapphire based laser amplifier (LIBRA M/s Coherent) that delivers ul-
trafast pulses of central maximum 800 nm, pulse duration ~50 fs at
1 kHz repetition rate has been utilized in this experiment. The output of
the amplifier at 800 nm is divided into two parts in a power ratio of
20:80using a plate beam splitter (BS1). One of the divided beams is
employed as a pump to an optical parametric amplifier (OPA, TOPAS),
which generates a wide range of tunable wavelengths to produce Stokes
pulse of our interest. The other part of the beam from the beam splitter
(20:80) is further divided into two equal parts, with the help of a 50:50
beam splitter (BS2), amongst one part play the role of the pump and the
remaining part is the probe. The probe pulse is delayed with respect to
the pump, stokes pulses and these delays are controlled by a Newport
translation stage interfaced with ESP300 Universal motion controller.
The three beams (Pump, Stokes and Probe) are arranged in a three-
dimensional crossed beam phase matching (forward BOXCAR)
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configuration. The average energies of the pump, probe pulses and the
Stokes pulse from OPA are measured to be ~0.6 pJ. These three pulses
are focused by a planoconvex lens of focal length ~25 cm onto a quartz
cuvette (of path length ~5 mm) that consisted the solution of tetrazole-
N-(hetero) aryl derivatives dissolved in acetonitrile (sample 6 or sample
8). Usage of a lens with longer focal length in the experiment enhances
the interaction volume, and it eventually leads to a significant CARS
signal generation. The wavelengths of pump (w,) and probe (wg,)
pulses were at 800 nm, whereas that of Stokes pulse from OPA was
chosen to be 872 nm. Initially, the sample medium is pumped by the
combination of both pump and Stokes pulses; later on, the delayed
probe pulse interrogates the excited sample medium. Further, the pump
and Stokes create the intramolecular coherence between the vibrational
ground state and excited state that belongs to an electronic ground
state. A delayed probe pulse scatters from the transient grating formed
by the excited sample medium as the CARS signal (wcars) when the
required phase-matching condition is fulfilled. TR-CARS signals from
the sample at different delay times of probe pulse are spatially filtered
and allowed to enter into a spectrometer (MAYA 2000, M/s Ocean
Optics). The samples 6 and 8 are dissolved in acetonitrile to prepare
solutions with concentration of ~1 mM and were taken in a 5-mm
quartz cuvette and placed in the focal plane, as shown in Fig. 1.

3. Results and discussion

The spontaneous Raman spectra (Horiba LabRAM HR -Evolution, at
785 nm exciting line) of samples 6 and 8 are illustrated in Fig. 2 and the
corresponding Raman modes with their labels are summarized in
Table 1. The theoretical calculations were performed with Gaussian
software using functional B3LYP6-331G(DP) for the peak assignments.
It is found that the experimental and calculated results were in good
agreement.

3.1. Time-Resolved CARS

Fig. 3(a) and (b) show the time and frequency-resolved CARS
spectra of sample 6 and 8, respectively, illustrated as contour maps at
each probe delay, varying from — 300 fs to 800 fs within a frequency
range of 750-1850 cm ~*. The 2D contour plots showcase the complex
nature of CARS signal with spectral features in the frequency domain
and oscillation features in the time domain. These were confirmed by
the vibrational modes in the frequency domain and Fourier transform of
the transient CARS traces compound 6 and compound 8. The frequency-
resolved CARS spectra at 200 fs, as illustrated in Fig. 3(c) and 3(d), are
evidently free from the non-resonant background as around the zero
delay. The loss of spectral resolution due to fs pulse probing is evident
from Fig. 3(c) and (d) since several vibrational modes are simulta-
neously excited and overlapped on each other. Fig. 3(e) and (f) depict
the CARS signal along with the pump and Stokes spectra, which confirm
the blue-shifted CARS signal. Figs. 4 and 5 illustrate the time-resolved
CARS (TR-CARS) signals for sample 6 modes investigated at 818 cm ™ ?,
1337 ecm™!, 1466 cm~! and for the sample 8 modes studied at
841 cm™!, 992 cm ™!, 1393 cm ™!, 1461 cm~?, respectively. The TR-
CARS signals have different features such as the non-resonant electronic
background around zero delay, exponential decay arising from the
population relaxation, and the oscillation which corresponds to the
vibrational coupling. The TR-CARS trace has been fitted with a single
exponential function that yields the average coherent vibrational decay
time ~120-200 fs. Negative exponential fitting was carried out (Fig. 4
and Fig. 5) and error bars in the traces represent 5% error in the data,
which can be attributed to the pulse to pulse energy fluctuations caused
by the laser amplifier (a repetition rate of 1 kHz was used). The Fourier
transform of the resonant TR-CARS trace reveals the vibrational cou-
plings between different vibrational modes with quantum beat fre-
quencies listed in Table 2. Due to the intramolecular vibrational mode
interferences, quantum beats can be observed. Quantum beats can be
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Fig. 1. Experimental set up of femtosecond TR-CARS. Inset depicts the CARS signal recorded in BOXCARS geometry for sample 6.
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Fig. 2. Experimental and theoretical Spontaneous Raman spectra of compounds (a) 6 and (b) 8.

Table 1
Experimental and theoretical Raman modes and their labels for compound 6 and 8.

Experiment compound  Theory Labelling Experiment compound Theory Labelling

6 8

(v1) 720 711 H—N-H twisting (vq) 821 796 C—H rocking, C=C=C wagging

(v2) 773 786 Ring elongation (Benzene) (v2) 841 854 C—H wagging

(v3) 818 822 Ring deformation, NO, scissoring, N=N—N (v3) 920 914 C—H wagging
wagging

(v4) 920 916 Ring elongation, NO, scissoring, C=N stretching (v4) 946 941 C—H wagging

(vs) 1006 1007 C—H wagging (vs) 992 994 N=N-—N stretching (Tetrazole ring)
(tetrazole ring)

(ve) 1076 1071 C—H wagging (ve) 1077 1073 C=H stretching, C—N stretching, N=N—N stretching,
(Benzene ring) C—H rocking

(v;) 1109 1104 C—H wagging (Benzene ring) (v7) 1154 1166 C—H rocking, ring elongation (Benzene ring)

(vg) 1207 1201 C—H rocking (Tetrazole and Benzene rings) (vg) 1302 1338 N=N stretching, C=C=C asymmetric stretch

(vo) 1231 1228 C—N stretching, C-H rocking (Tetrazole and (vy) 1335 1338 N=N stretching, C=C=C asymmetric stretch
Benzene rings)

(v10) 1337 1338 N—N stretching, C—H wagging (v10) 1363 1363 N=N stretching, C=C=C asymmetric stretch

(vq1) 1374 1381 N—N stretching, C—H wagging (vy1) 1460 1453 C—H rocking, C=C stretching, C=N stretching

(v12) 1401 1389 H—N-H rocking, N=O0 stretching, C—H wagging (vy2) 1493 1492 C=N stretching, C=C stretching

(vy3) 1466 1440 C=N stretching, ring stretching (Benzene), C—H (vy3) 1630 1632 NO, asymmetric stretching, C=C=C asymmetric
rocking stretching (Benzene ring deformation)

(v14) 1517 1531 H—N—H scissoring, C=N stretching, C=C=C (v14) 1574 1612 O=N=0 asymmetric stretching, C=C=C
symmetric stretching, N=N stretching asymmetric stretching

(v;5) 1551 1558 C=C asymmetric stretching, NH, wagging, C—H (v15) 1628 1632 O=N=0 asymmetric stretching, C=C=C

wagging, N=O0 stretching

asymmetric stretching
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Fig. 3. Time-resolved CARS signal of compound (a) 6 and (b) 8 illustrating quantum beat structure. Spontaneous Raman (blue) and CARS signal (red) of (c) 6 and (d)
8 (e,f) Spectral profiles of the CARS signal, pump, and Stokes beams for the compounds 6 and 8, respectively.

obtained due to the coherent evolution of the quantum wave functions
of the single molecule. Unlike vibrational polarization beats which are
due to intermolecular vibrational mode interferences, quantum beats
are the consequence of intra molecular vibrational mode interferences.
The occurrence of vibrational polarization beats or quantum beats
certainly depend on how the molecular medium has been probed. If the
probe pulses energy density is above the dissociation threshold energy
of the molecule under consideration, then vibrational polarization beats
can be seen with shorter life times. With probe pulse energies below the
threshold, CARS polarization is long-lived and, consequently, the con-
tribution from different vibrational states will be cancelled out, due to
which vibrational polarization beats may not be seen in the spectrum.
Though we believe the observed oscillations are quantum beats, in
principle one cannot ignore the occurrence of vibrational polarization
beats those fall under the coherent excitation of the other molecules.
Additionally, we cannot deny the possibility of the oscillations those
arises due to the interference of molecular vibrational modes with the
solvent modes of vibration [37].

In the present study, pump and stokes wavelengths utilized were
~800 nm, ~872 nm, respectively. The corresponding wavenumber
difference is 1033 cm ™. When tetrazole-N-(hetero)aryl derivatives
dissolved in acetonitrile (ACN) are simultaneously excited by two
pulses, the selective vibrational modes in the proximity of 1033 cm ™!

are expected to be excited (parent modes). But it is evident from the
data presented in Fig. 3(c) and Fig. 3(b) the other modes [daughter
modes] far away from the direct excitation region (1033 cm ™) were
observed. This is possible only when there is an intramolecular vibra-
tional coupling and hence the possibility of the intramolecular vibra-
tional energy re-distribution among parent and daughter modes. The
coherent excitation of the targeted mode relaxes through the IVR pro-
cess because of the coupling of the neighbouring vibrational modes of a
molecule. Based on the above-mentioned arguments, we could possibly
argue the occurrence of IVR in the present time resolved CARS studies
of tetrazoles (sample 6 and 8). The intramolecular vibrational relaxa-
tion (IVR) and their pathways of relaxations can be understood from the
vibrational couplings since they arise from the coupling of vibrational
modes of tetrazole derivatives. From Table 2, the vibrational couplings
between several modes participating in the IVR process can be visua-
lized as coupling of one mode with two or more vibrational modes. For
instance, in sample 6, the modes v, vg, and v14, and sample 8, vy, v3, V4,
v7, and v;; modes which are corresponding to the benzene ring and the
tetrazole ring of the molecules, these vibrational modes might partici-
pate (energy transfer process in IVR) [38,39]. The vibrational modes
which are interacting with only one vibrational mode such as v; to vg,
Vg tO V13, V15, V1g in 6 and V3, Vs, Vg, Vg O V17, V33 tO V15 in 8 are
corresponding to the C—N, C=C, C—H and NO, stretching vibrational
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Fig. 4. (a, c, e, f) TR-CARS signal and their corresponding fast Fourier transforms (b, d, f, h) for the 818 cm ™, 1006 cm ™!, 1337 cm ™~

1 and 1466 cm ! modes from

sample 6. Negative exponential fitting was carried out and error bars were kept in the traces to represent 5% error in the data points which can be attributed to the
pulse to pulse energy fluctuations caused by the laser amplifier (1 kHz repetition rate).

modes of tetrazole and benzene rings and these modes could be in-
volved in the initial decomposition process. The vibrational modes
which are very active in interacting with other vibrational modes have
a significant tendency to transfer energy through IVR. Yu et al. [40]
reported on the intramolecular vibrational redistribution in RDX mo-
lecules using multiplex CARS technique. According to them, the low-
frequency vibrational modes such as phonon modes are the doorways of
energy transfer from outside to the inside of RDX molecule. Further, the
vibrational modes which are mostly involved in IVR are found to carry
the vibrational energy to the higher frequency states in IVR. In the
multi-phonon up-pumping the low frequency vibrational modes which
match to the frequency of phonons are the energy portals from outside
to inside of the molecules. Comparison of the exponential decay trends
of TR-CARS traces demonstrates that the sample 8 exhibit a faster decay

than sample 6. The reason could be the presence of an extra NO, group
in sample 8, attempting a faster IVR.

From Figs. 4, 5 data it is evident that the low energy modes those
corresponding to the C-H vibrations exhibited faster average dephasing
times compared to higher energy vibrational modes. Consequently, the
C-H vibrational modes could be excited first upon photoexcitation and
causing an initial chemical reaction. Since we are not using extremely
short laser pulses (shorter than 10 fs), selective excitation may be
possible with the laser pulses utilized in the present experiment. Con-
sequently, we believe that the probe pulses (~70 fs) might provide a
significant spectral resolution and, hence, the measured decay time
scales are approximated to a significant accuracy. However, with time
and frequency resolved CARS these effects can be minimized [41].
Several vibrational modes will participate in the IVR processes mainly
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Negative exponential fitting was carried out and error bars were kept in the traces to represent 5% error in the data points which can be attributed to the pulse to

pulse energy fluctuations caused by the laser amplifier of rep rate 1 kHz.

in polyatomic molecules (explosives) in order to track IVR high tem-
poral resolution, broadband excitation capability and coherent detec-
tion capability are a prerequisite. It was evident from the literature that
the Raman modes of ACN are 380 cm ™}, 918 em™?, 1376 cm ™!,
1440 cm ™%, 2249 cm ™!, 2942 cm L. Additionally, we did not observe
any solvent effects in these measurements. We recorded the CARS trace
of pure acetonitrile (ACN) alone and could not see any Raman sig-
natures of ACN vibrational modes. The recorded data of the solvent is
shown in Fig. 6(a). Moreover, the pump (800 nm), Stokes (872 nm)
beam wavelengths both were far from the absorption maximum
320-380 nm of the ACN solvent. We do believe that the selected pump
wavelengths are not in resonance with ACN absorption and perhaps this
resulted in no Raman signatures for the pure solvent. Further, the in-
tensity dependent CARS signal with a slope of 2.1 ensures the presence
of third-order NLO (CARS) process as shown in data of Fig. 6(b).

Additionally, the relationship between IVR and solvent assisted vi-
brational energy transfer (VET) is extremely complex to understand
even for simple molecules too. The molecules in the present study are
novel tetrazoles require an extensive study to claim on relationship
between IVR and solvent (ACN) assisted VET both qualitatively and
quantitatively. Though the theoretical/experimental vibrational mode
frequencies of tetrazoles are known, to comment on solvent assisted
vibrational energy redistribution (IVR), instantaneous normal mode
solvent spectrum that can be derived from force-force auto correlation
functions is required. [42] Further, earlier reports suggest that [43,44]
the solvent assisted IVR decays are longer in timescales and even be
extended to few picoseconds. But the decay time scales obtained in the
present experimental study are in the femtosecond domain, which
confirms that there are no such significant solvent effects on IVR. Be-
sides this, Hiromi et al. [45] mentioned that solute-solvent effects play
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Possible vibrational coupling between the vibrational modes of tetrazole derivatives.

Beat frequency (cm ') of 6 Contributing modes

Beat frequency (cm™') of 8 Contributing modes

(em™) em-1
26 (v1) 715 and 740 (vs) 20 (v1) 821 and 840 (v2)
46 (v3) 773 and 820 (vg4) 52 (v1) 821 and 870 (v3)
60 (vs) 758 and 820 (vs) 48 (vy) 821 and 870 (v3)
20 (ve) 1079 and 1103 (v;) 125 (v3) 870 and 992 (v4)
52 (0,)1103 and 1161(vg) 95 (v,) 1302 and 1394 (v;;)
99 (0,) 1103 and 1208 (vg) 146 (vs) 1342 and 1493 (v;2)
33 (010) 1303 and 1338 (v;7) 182 (v) 1153 and 1335 (vg)
46 (vg) 1161 and 1208 (vo) 233 (vg) 1335 and 1574 (v14)
93 (012) 1374 and 1466 (014) 363 (v4) 992 and 1363 (v10)
26 (012) 1374 and 1401 (v;3) 85 (v13) 1549 and 1628 (vy5)
58 (v14) 1466 and 1517 (v1s) 194 (vy) 1302 and 1493 (vy2)
87 (v14) 1466 and 1551 (vy6) 306 (v4) 992 and 1302 (v,)
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Fig. 6. (a) Spectra of pure acetonitrile solvent at zero-time delay (b) intensity dependent CARS signal.

a very little role in the process of IVR.

Though we describe the decay of quantum beats on the basis of
intramolecular vibrational energy redistribution (IVR), the mentioned
decay is complicated due to unidentified molecular dynamics of deco-
herence. In addition to the IVR, other possible decoherence processes
include population decay, vibrational cooling (VC), occurring within
the molecule until it thermalizes the obtained excitation energy to the
surrounding liquid phonon bath through the cascade vibrational re-
laxation processes [46]. Other possibility of the decoherence of the
modes might be from the damping of vibrations of a particular molecule
due to the inelastic collision with the surrounding molecules [47]. Fi-
nally, we proclaim that the results (quantum beats and temporal mea-
surements of the decays) produced in the manuscript are certainly re-
producible with the same accuracy (within experimental errors).
Moreover, as discussed by Nath et al. [41,48] recovery of Raman
spectrum from time frequency domain in coherent Raman processes is
less sensitive to experimental noises and fluctuations in pulse energies.
Additionally, we could say the obtained beats from the FFT of the CARS
trace beyond time zero are not experimental artifacts rather they are
the Raman signatures of the solute. We could confirm this on the
grounds of repeatability of the beats in different trails.

The beats were achieved by performing the FFT on the normalized
CARS spectra. The corresponding FFT frequency was then converted to
wavenumber by using following equation (1).

_ FFT(frequency) = 10°
- 3 @

v(em™)

Coherent vibrational decay time (T5) relates with the line width of
the Raman mode under consideration as shown in the equation (2)

V= !
27cTy (2
The Raman peak width corresponding to the 818 cm ™' was mea-

sured to be ~9.8 cm ™! whereas that from the measured average de-
phasing time (T,) was ~35 cm ™. This shows that, the decay must be
longer than the estimated ~150 fs. However, we cannot completely and
confidently explain the observed discrepancy. The fast decay of the
coherent vibrational mode could possibly be understood in the fol-
lowing manner. In the present study, the measured decay is the average
dephasing time (T,) that comprises two contributions, namely the pure
dephasing time (tpp) and life time of a vibrational excited state (T;) of
the as in the following equation (3)

1 1 1
= 4+
T2 271 Tph

3)

(i) Recently, it was demonstrated that the fast/slow decay of a co-
herent vibration depends on whether the mode of interest is symmetric
or asymmetric [56]. According to the experiments by Kozai et al. [49]
coherent vibrational decay of an asymmetric mode is faster compared
to a symmetric vibrational mode. Therefore, the symmetry of the mode
818 cm ™! in the present case, corresponding to ring deformation, NO,
scissoring, N=N—N wagging, could have resulted in the fast-coherent
vibrational decay ~150 fs (ii) Another possibility is the fast decay of the
vibrational mode may quench of the pure dephasing mechanisms [29].
Keifer et al. [33] also observed similar fast average dephasing times
(~350 fs) in the case of Imidazolium ionic liquids. As these tetrazole
compounds are novel and this kind of work in these molecules is not yet
attempted by any group, we could only explain the vibrational dy-
namics of tetrazole compounds limitedly.
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4. Conclusions

In summary, fs TR-CARS experiments have been performed to study
the intramolecular vibrational dynamics of the nitro substituted tetra-
zole-N-(hetero)aryl derivatives in solution. Excitation and relaxation of
selected modes of two new molecules (6 and 8) were studied. The
average dephasing time was observed to occur in a time scale
~120-200 fs and demonstrate that the intramolecular vibrational en-
ergy redistribution occurs in the same time scale. FFT of the TR-CARS
traces revealed beat frequencies, which might correspond to the modes
those involved in the inherent vibrational coupling of IVR. The results
provided in this study offer an intuition of the ultrafast response of
these molecules and a basic insight of photon-induced chemistry of
these novel EMs.
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