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Chapter 1

Introduction and Thesis overview

Abstract

This chapter deals with the classification of high energy materials, brief survey about photo acoustic
spectroscopy, selection of excitation wavelengths amd Thermo gravimetric-Differential thermal
analysis (TG-DTA) techniques. In addition to that, emphasis is given to general introduction about
terahertz radiation, its generation and detection techniques. Finally summary and organization of

thesis is presented.



Chapter 1 Introduction

1.1. Introduction

n present day, science and technology faces an open and formidable challenge of providing home
Iland security by devising an efficient detection system for high energy materials (HEMs). The
existence of a variety of HEMs, initiative of packing and transporting combined with the low vapor
pressures of such materials makes the detection a convoluted task [1]. HEMs /explosive molecules
are special in the sense that the rate of energy release is extremely abrupt as compared to other
organic or inorganic molecules. The HEMs release several hazardous molecules into atmosphere
when they are explored. These materials can be classified as thermally stable, high performance,
melt-castable and insensitive explosives according to their chemical nature during the detonation
process [2-6]. The study of thermal stability and decomposition mechanisms are essential to
characterize the newly synthesized HEMs for their futuristic applications as explosives, propellants

and rocket fuels.

1.2. Classification of high energy materials

HEMs is a common name used for the class of energetic materials known as explosives and
propellants. An explosive material, is a reactive substance that contains a huge amount of potential
energy that can produce an explosion if released suddenly, usually accompanied by the production of
light, heat, sound and pressure. The organic explosive materials mainly consist of carbon, hydrogen,
oxygen and nitrogen elements. Thus, combustion of organic explosive materials readily converts
carbon to CO, and hydrogen to H,O. Similarly, nitrogen translates to N, gas during detonation. As
molecular nitrogen possesses low internal energy than the oxides of nitrogen (NO, NO, etc.).
Therefore, -NO, groups are the source of oxygen in the molecule, which in turn significantly assists
in detonation or combustion process [5-8].

An explosive charge is a measured quantity of energetic material. The potential energy stored in
an explosive material are in the form of (a) chemical energy, such as nitroglycerin RDX, TNT etc.
(b) pressurized gas, such as a gas cylinder or aerosol can (c) nuclear energy, such as in the fissile
isotopes uranium-235 and plutonium-239. Explosive materials can further be categorized by the
speed at which they expand with detonation velocity. Materials that detonate (the front of the
chemical reaction moves faster through material than the speed of sound) are said to be high
explosives and materials that deflagrate are said to be low explosives. Explosives are also be
categorized according to their sensitivity. In sensitive materials the process of detonation is initiated
by a relatively small amount of heat or pressure which is referred as primary explosives and materials
that are relatively insensitive are treated as secondary or tertiary explosives. The classification of

explosives according to their physical and chemical nature is shown in the form of flow chart in Fig.
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1.1. Synthesis of novel energetic materials is highly requisite, as they are widely used in military and
civilian applications such as explosives, rocket fuels and gun propellants [9]. Thus, the design of
energetic materials is envisaged based on thermal stability, performance, high velocity of detonation,
detonation pressure compared to the known standard energetic compounds. The novel energetic
compounds can be synthesized including by following factors: the easy and cost-efficient, eco-
friendly nature, production of non-toxic and non-hygroscopic byproducts during detonation,
stability for long-time storage, insensitivity for safe transportation and handling, high enthalpy of
formation, density and better oxygen balance which is required for complete combustion.
Furthermore, effective application of thermally stable energetic materials to military and civilian use

needs detailed investigation.

High Energy Materials

Huge amunt of Heat

Energy High Volume Gases
Hlgh Explosives Low Explosives Pyrotechnics CIVI|-
Propellants Explosives
l Generating

Primary Secondary Tertiary Gun Rocket | Heat Smoke Light

Explosives Explosives Explosives Propellants| Propellants Black Powders

1 1 B

Benzol peroxide 3 g S
TNT,RDX Ammonium Nitrate f Liguids
Lead azide, ’ ’ : - Solids q
Mercury fulminate HMX, CL-20 Ammonium Dinitrate Propellants Propellants

Figure 1.1: Classification of high energy materials [9].

Table 1.1: Energetic properties of some explosives.

Sample Structure Formula e VOD | DP AH¢ Tm Ty Explosive
gm/cm’ km/s | GPa kJ/mol | °C oC Nature
NO,
N
RDX it | GHNGOs | 1.82 8.7 35.17 | 83.82 205.5 234 Thermally
stable
NH,
QN NO,
TATB ﬁj CsHeNeOs | 1.94 8.11 | 31.1 -138 350 Thermally
HoN NH, stable
NO,
‘N/\.\/V\Q
HMX () C4HsNgOs | 1,91 9.1 39.63 | 104.77 High
OzN/NVN\“O: 286.86 performance
oN ‘41\,‘10:
CL20 oy | CHeNiO2 | 2,04 9.4 46.6 | 454 245 High
O 2=\ 10, performance
\
CH,
ON NO,
TNT GHsNsOs | 1.65 6.95 19.5 -54.39 | 80.35 240 Melt-castable
NO;
O,N N
Iy
MINL | ontyno, | CiHaNsOg | 1,76 817 | 3558 | -- 82 295 Melt-castable
CH;
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The benchmark secondary explosives such as RDX, TATB, HMX, CL20, TNT and MTNI are
nitro rich energetic materials. The structures, chemical formulae and some of the important
properties such as density (), the velocity of detonation (VOD), detonation pressure (DP), the heat
of formation (AH,), melting temperature (1,)) and decomposition temperature (1) of these materials
are comprised in Table. 1.1.

It is generally recognized that certain groups like nitro (-NO,), nitrate (-ONO,), and azide (-Nj),
are intrinsically labile. Kinetically, there exists a low activation barrier to the decomposition reaction.
Consequently, these compounds exhibit high sensitivity to flame or mechanical shock. The nitro
group, attached to aromatic or aliphatic carbon is probably the most widely studied of the functional
group and this is part used for ‘explosophore’ in many energetic materials [2]. The groups rapidly
converted to gaseous products during detonation of the molecule are called explosophore [4]. The
nitrogen and oxygen bearing nitro, nitroso, nitramine, nitrate ester and azido moieties belong to
explosophore group. The oxygen content in the explosophore groups is useful for the conversion of
molecular backbone to gaseous byproducts NO,, CO,, CO, and H,O. There is a availability of
various improvised spectroscopic techniques for the standoff and near-field detection of different
HEMs [10]. No single technique has been found to be capable of detecting (i) all the explosives
explicitly (ii) obscured/hidden explosives. They are either time consuming ot involve sophisticated
equipment along with tedious data analysis [11-14]. There is a requirement of identifying the pros
and cons of each technique. Therefore, detailed study is required in order to investigate the new
cross mechanism for achieving the optimum results. There are many methods to detect/identify

explosive molecules based on their decomposition mechanisms as shown in the flow chart (Fig. 1.2).

Sample

| Swipe | | In Place I Vaporization
| I

Reflection
(UVIVis/NIR,IR) Ms | Colorimetery ‘ | Colorimetery l Strobe
SIMS, DESI, DAPCI
LIDAR ( ) Separation Thermal
GC/detector (TLC,GC,LC) Acoustic
DIAL Electrochemical IMS
LIBS Chemiluminescence
Immunochemical mMs
Raman =
CARS Animals I Electrochemical
@ Chemiluminscence
Photoacoustic
. B FTIR
[ raa_| —

SERS/SERRS

Figure 1.2: Detection schemes of high energy materials
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Among many such identification techniques, photoacoustic spectroscopy [6] is a simple and
suitable scheme, for detecting explosive molecules and their thermal decomposition process [15-17].
The identification, thermal decomposition and stability mechanism of HEMs are reported
experimentally by several groups using TG-DSC/DTA coupled with Fourier transform infrared
spectroscopy (FTIR) or Gas chromatography—mass spectrometry (GC-MS) [18-21]. However,
Strachan et al. reported the thermal decomposition of solid RDX crystal at various temperatures and
densities using reactive force field (ReaxIFF) model, which is based on molecular dynamics as shown
in Fig. 1.3 [22].

Table 1.2: Bond energies of some of weakest bonds.

Compound Trigger Bond energy Activation energy
linkage (kJ /mol) (kJ/mol)
Nitroarene C-NO 305 293
Nitramine N-NO, 163 196
Nitrate Ester | CO-NO; 222 167
Peroxide CO-0OC 142 146
100 - N o o=-DFT —— ReafF NOz-dissociation pathway
2he” N, BEN o™y H, H
& ofN\o 3 Hu O 2CHy oMoy ©
go | Concerted pathway z T L & by
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N f’ VA Vo e
60 | 2 %) \ AW o
N.O+ H,CO \ +oe +HCNANO,
~ Y/ ? N
40 - \ I O,N.."‘,H O,N\N,H
5 \‘I [/ IlI' ¥ H,c\x,c\N,,CH HG. PI‘,OH,
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3HONO +N,O+2HONO
-80 - ¥

Figure 1.3: Energetics of unimolecular decomposition mechanisms in RDX obtained using the ReaxFF (full lines
with filled symbols) and with QM (dashed lines with open symbols). Circles represent the sequential HONO elimination,
triangles show the decomposition process following homolytic N-N bond breaking (NO> elimination), and diamonds
represent the concerted ring-opening pathway. Intermediates and products are described in Ref. [32]. (Image and figure

caption adopted from [22]).
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The nitro rich energetic compounds contain C-NO, and N-NO, bonds, which depends upon their
structures. The bond energies of these weakest bonds in HEMs compounds are comprised in Table
1.2. These experimental and theoretical studies show that NO, molecule is one of the principal by
product gasses released by HEMs during the process of thermal decomposition The quantum
chemistry based on new research has motivated the number of groups of a synthetic chemist to
synthesize new, efficient and green high energy materials which might be a better alternative to the
existing standard energetic materials [23-29]. In this series, the performance of some of the newly
synthesized nitro rich benzyl series and phenyl series 1,2,3-triazoles and phenyl series 1,2,4-triazoles
compounds were evaluated and compared with the benchmark explosives [30,31,46].

In the present research, we focused our study on examining the thermal decomposition
mechanism, stability and efficiency of rocket fuels using pulsed photoacoustic technique, with
excitation wavelengths of UV 266 nm and visible 532 nm, based on released quantity of gaseous
molecules under controlled pyrolysis between 30-350 °C ranges. The results of PA technique are
compared with Thermo gravimetric-differential thermal analysis (TG-DTA) technique to understand
thermal decomposition mechanism of HEMs. Also, to detect the compounds, the time-resolved
photoacoustic fingerprint spectra were recorded between the temperature range of 30-350 °C range.
The study reveals that the positions of principal functional group -NO, in aromatic rings of
compounds is a key factor in their thermal stability and efficiency as rocket fuels. The generated PA
signal for 266 nm is total molecule vapor unlike for 532 nm wavelength where the signal is limited to
NO, molecules. The present form of photoacoustic (PA) technique is based on 532 nm wavelength
is not able to monitor the individual concentrations of byproduct gaseous molecules. However, we
can monitor the release of NO, below the melting temperature to study the thermal stability of the

compound.

1.3. Photoacoustic spectroscopy

Photoacoustic spectroscopy (PAS) is based on absorption of modulated/pulsed electromagnetic
radiation by analyte molecules. The absorbed energy is then transformed into thermal energy
through nonradiative relaxation (due to collisions of other molecules) process in the sample. When
the modulated or pulsed laser radiation incident on the sample due to internal heating, an acoustic
signal or short shock wave is generated this is detected using a sensitive microphone. The PAS has
several added advantages over the conventional absorption spectroscopy such as effect of reflection,
transmission and scattering are totally over ruled. As a result, the low absorption coefficient and
opacity of the sample affects the transmitted signal but do not have any effect on PA signal.

Therefore, it has tremendous applications in spectroscopy of solids, liquids, gasses, condensed
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matter, nanoparticles and semiconducting materials etc. [33-42]. The PA technique offers several
advantages such as high sensitivity, selectivity, simplicity and compact size, fast time response, non-
destructive detection [43-48]. It is widely recognized for its excellent performance in trace gas
detection from ppb to ppt level [49,50]. The PA signal generation mechanism varies from
wavelength to wavelength. In case of UV range, it is attributed to electronic transition whereas in
visible region it is due to vibronic modes of the molecules. However, in terahertz range the PA
signal is generated due to excitation of weak vibrational-rotational lines of the molecules [51-59]. Fig.
1.4 shows the elementary processes for the generation of PA signal.

History: Alexander Graham Bell invented the photoacoustic effect in 1880 [60]; he discovered that
thin discs emits sound when exposed to a rapidly interrupted beam of sunlight. The entire process is
based on the absorption of modulated light/pulses by a gas/condensed sample. Viengerov (1938,
1940) has reported the first spectroscopy gas analysis, which is based on photoacoustic effect. He
performed the spectroscopy analysis of gasses by using blackbody infrared as a source along with an

electrostatic microphone as a detector [61-63].

ghl. Absorption

Deactivation

V-RT

Expansion
Contraction

1t

Detection
X \\‘l_th
microphone

L
€

Figure 1.4: The processes for the generation of PA signal [64].

However, the actual application of PA effect was demonstrated in trace gas monitoring in the late
1960 due to the invention of the laser and highly sensitive microphones. Since that date, many
scientists such as Kerr and Atwood employed the laser in photoacoustic spectroscopy (PAS) [65].
They have used CW (CO,) laser to achieve the minimum detectable absorption coefficient o, of
the order 107 cm™ for CO, buffered in N,. Also, Kreuzer (1971) has reported the sensitive detection
of (CH,) in N, with lowest detection order of 10* (ppb) using He-Ne laser operating at 3.39 pm
[66]. Patel demonstrated the technique’s potential by measuring the NO and H,O concentrations at

an altitude of 28 kilometers with a balloon-borne spin-flip Raman laser [67], and also reported the
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pulsed optoacoustic spectroscopy of condensed matter [68]. Rosencwaig in 1978 introduced an
important theory called R-G theory explaining the mechanism of photoacoustic effect in condensed
matter [69]. After that, several research groups focused on PAS in the field of trace gas detection,
liquids and solids with environmental, biological and medical applications using different laser
systems.

PA technique can be classified as continuous-wave (CW) modulation and pulsed modes. The
duty cycle of the modulated beam is close to 50% in CW mode. As a duty, cycle of such size may
produce counterfeit effects, such as heating of the sample and convection currents, the boundary
conditions of the acoustic cell are important for the generation of the PA signal. The acoustic
resonance of the cell can be used to maximize the PA signal response. Signal analysis is often
performed in the frequency domain which convert time domain signal into frequency domain using
fast Fourier transform. The CW mode suffers from apparent thermal diffusion in the generation of
the PA response, thereby lowering its PA efficiency and sensitivity. To achieve highest PA response
from a small quantity of samples, PA techniques utilize the pulsed excitation mode [45,70,71].
Pulsed PA technique uses a high power, low duty cycle optical source to excite a PA signal, because
optical energy is deposited in the sample with relatively short time of the order 5 ns to 1 us. The PA
efficiency is greatly improved by ignoring the thermal diffusion effects. This results in eliminating
the effects of sample heating and convection currents that usually occur in the CW excitation mode,
due to the low average power of the pulsed source. For instance, Pulsed PA technique minimizes the
noise that is produced by window absorption or light scattering and enhances the signal to noise
ratio. As a result, the detection sensitivity is greatly improved, compared with the CW excitation
mode. Furthermore, it should be noted that only the pulsed mode could be used in time-resolved
PA spectroscopy.

The advantage of PAS is that it can be performed on all phases of matter. Therefore, it has
tremendous applications in spectroscopy of solids, liquids, gases, condensed matter, nanoparticles
study, semiconducting materials and electrodes devices etc. [33-42]. PAS is particularly useful
technique for samples that are powdered (like catalysts), amorphous, or otherwise not conducive to
reflective or transmission forms of optical spectroscopy. The photoacoustic effect is used to study
biological samples such as blood, skin, eye lenses, tumors and drug-laced tissues. Several studies are
available in which PA spectroscopy has been used to identify different types of bacteria. One useful
aspect of photoacoustic spectroscopy of gases is that pulsed lasers can be used to detect very tiny
concentrations of a particular gas of the order of parts per trillion. This makes photoacoustic
spectroscopy very useful in following the concentrations of trace gases in mixtures, like soot in

diesel exhaust or NO,_ in the atmosphere.
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Our group extended the potential use of photoacoustic spectroscopy in the field of HEMs, to
study their decomposition mechanism, stability coupled with TG-DTA technique. We have also
evaluated the efficiency of energetic materials as a rocket fuels under controlled pyrolysis process
using UV-Visible laser pulses [15,57,72,]. The nitro rich HEMs release several gases as byproducts
such as NO,, NO, N,O, CO, CO,, HCN and H,O etc. during the process of decomposition.
Amongst, NO, is one of the major byproducts, which has strong absorption at 532 nm wavelength.
However, the total molecule vapor and its byproducts have strong absorption at 266 nm wavelength.
Therefore, we have chosen UV 266 nm and visible 532 nm of nanosecond pulses as an excitation
source for recording the thermal PA spectra of reported compounds. Also, we have recorded the

time-resolved PA spectra of some vapors using THz radiation.

1.3.1. Interaction of matter with electromagnetic radiation

The radiation from different parts of the electromagnetic spectrum has very different effects upon
interaction with the matter. The energy of electromagnetic radiation increases as we move higher to
lower wavelength region i.e. from the radio waves, microwaves and infrared to visible —UV light.
Each portion of the electromagnetic spectrum has quantum energy which is quite sufficient
appropriate for the excitation of certain types of physical processes. The energy levels for all physical
processes at the atomic and molecular levels are quantized and if there are no available quantized
energy levels with spacing, which match the quantum energy of the incident radiation, then the
material will be transparent to that radiation and will pass through. If the electromagnetic energy is
absorbed without ejecting electrons from the atoms of the material, then it is classified as non-
ionizing radiation and will typically by just heating the material. Fig. 1.5 shows the interaction of
matter with electromagnetic radiations and their physical process.

The physical process of each radiation is followed by:

Microwave Interactions: The quantum energy of microwaves is in the range of 0.00001 to 0.001
eV, this energy range separate the quantum states of molecular rotation and torsion. The interaction
of microwaves with matter other than metallic conductors will be to rotate molecules and produce
heat because of that molecular motion.

Infrared Interactions: The quantum energy of infrared waves is in the range of 0.001 to 1.7 eV,
which is in the range of energies separating the quantum states of molecular vibrations. Infrared is
absorbed more strongly than microwaves, but less strongly than visible light. The result of infrared

absorption is heating of the samples since it increases molecular vibrational activity.
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Visible Light Interactions: The primary mechanism for the absorption of visible light photons is
the elevation of electrons to higher energy levels. There are many available states, so visible light is
absorbed strongly.

Ultraviolet Interactions: UV photons above the ionization energy can disrupt atoms and molecules
(photo ionization), while photons below the ionization energy is strongly absorbed in producing
electronic transitions.

Terahertz Interactions: The microwaves and infrared radiations cause heat generation due to
rotational and vibrations of molecules, respectively. However, Terahertz (THz) radiation lies
between far infrared to microwaves resulting in the heat generation of molecules due to weak

vibrational-rotational lines of matter.
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Figure 1.5: Interaction of mater with electromagnetic radiation [73].

The absorption spectrum of a molecule is determined by all the allowed transitions between pair
of energy levels and whether the molecule exhibits a sufficiently strong electric or magnetic dipole
moment (permanent or otherwise) to interact with the radiation field. Electronic, vibrational and
rotational energy levels are superimposed in Fig. 1.6. |7 is vibrational quantum number; | is the

rotational quantum number.
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Figure 1.6: Absorption spectra of molecules.

1.3.2. UV-Visible absorption mechanism HEMs byproducts

Due to strong coupling between the high vibrational levels of X?A, ground state B, or °B,, the
optically stored energy entirely contributes to the sample heating regardless of whether the excited
level belongs to the °B, or °B, state [51]. Therefore, the dependence of the PA signal on the
absorbed energy will not change in the entire visible range. NO, is excited to the “B, state due to
absorption of 532 nm, and its excitation energy is lost to PA signal generation by Vibrational-
Transitional (V-T) and Vibrational-Vibrational (V-V) relaxations of NO, in collisions with nitrogen
or air molecules as shown in Fig. 1.7.
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Figure 1.7: The relaxation of NO> to Nz and O3 via V-T and V-V transitions [52].
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Figutre 1.8: The Electron transitions in ultraviolet/visible spectroscopy.

However, in the case of 266 nm wavelength the absorptions mechanism allowed the m—n*,
n—c* and n— 7* transitions. Valence electrons can be found in one of three types of electron
orbital: single (6) bonding orbitals; double or triple bonds (n bonding orbitals) and nonbonding
orbitals (lone pair electrons). Sigma bonding orbitals tend to be lower in energy than m bonding
orbitals, which in turn are lower in energy than non-bonding orbitals.

When electromagnetic radiation of the exact frequency is absorbed, a transition occurs from one
of these orbitals to an empty orbital, usually an anti-bonding orbital, o* or n*. The exact energy
difference between the orbitals depends on the atoms present and the nature of the bonding system.
Most of the transitions from bonding orbitals are of too high frequency (too short a wavelength) to
measure easily, so most of the absorptions observed involve only n—n*, n—oc* and n—rn*
transitions. Here, the HEMs vapor follows the photodissociation process and converts into their
byproducts due to n—n* transitions [53-57]. The electron transition in ultraviolet/visible

spectroscopy is shown in Fig. 1.8.

1.3.3. Terahertz absorption mechanism

Terahertz waves are the best frequencies for gas phase vibrational-rotational spectroscopy.
Electronic absorption spectroscopy involves photons of UV-visible light. When electrons in a
molecular bond absorb a photon, they get excited and jump to a higher energy level. Rotational
spectroscopy detects rotations of atomic nuclei or entire molecules. The rotations typically manifest
themselves at sub millimeter wavelengths or terahertz frequencies. Even slight difference in the mass
of an atom's nucleus alters its rotation enough to shift their terahertz spectrum. So, this type of
spectrometry can be distinguished even between two different isotopes of the same element. The

weight might differ by a single neutron. The possible relative positions of transitions in the
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absorption spectrum of a molecule in a vibrational-rotational transitions due to THz radiation is

shown in Fig. 1.9.
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Figure 1.9: Vibrational-rotational transitions in THz domain.

It is well known that in the thermal decomposition of energetic material, it release several gaseous
fragments. It is clear that UV 266 nm wavelength absorbed by total molecule vapor, and visible 532
nm wavelength absorbed NO, molecules. But, it is difficult to assign the contribution of PA signal
generated by THz radiation from HEMs mixture, because all these byproducts has several rotational
lines in the THz domain. Therefore, initially, we have recorded the time resolved PA spectra of one
of the major byproducts of HEMs i.e. N,O with broad band THz pulses as well as using 0.5 and 1.5
THz bands. In addition, attention is focused on nitromethane (NM) is a volatile organic compound,
which is explosive in nature and available in liquid form at room temperature. It is widely used as a
laboratory solvent, synthetic reagent and fuel. The results are compared with another laboratory

solvent methanol, which has several rotational lines in THz domain.

1.4. Terahertz radiation

Terahertz radiation refers to electromagnetic waves propagating at frequencies in the terahertz
range. It is also termed as submillimeter radiation, terahertz waves, terahertz light, T-rays, T-light, T-
lux and THz. The term typically applies to electromagnetic radiation with frequencies between the
high-frequency edge of the microwave band, 100 gigahertz (110" Hz), and the long-wavelength
edge of far-infrared light, 10000 GHz (10x10"” Hz or 10 THz). In wavelengths, this range
corresponds to 0.1 mm (or 100 pm) infrared to 3.0 mm microwave. The THz band bestraddle the
region where electromagnetic physics are well described by its wave-like (microwave) and its

particle-like (infrared) characteristics. THz radiation is also known as submillimeter radiation,
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terahertz waves, tremendously high frequency, consists of electromagnetic waves within the band of
frequencies from 0.1 to 10 THz (1 THz= 10" Hz). Fig. 1.10 shows the complete range of THz
radiation in the electromagnetic spectrum regarding frequency, wave number, wavelengths, photon
energy and temperature.

THz band has various unique features when compared to other bands of electromagnetic
spectrum. It can interact strongly with polar materials, thereby penetrating through non-polar and
non-metallic materials. It has high reflection from metallic surfaces due to high electrical
conductivity of metals. In particular, the use of pulsed THz radiation generated and detected with
ultrashort pulsed lasers opened the first practical and powerful applications of THz waves in
spectroscopy and imaging [74,75]. In THz based spectroscopy, these frequencies are the access to
vibrational-rotational translations lines of in gas/liquid/solids materials. Therefore, the recorded
time-resolved absorption spectra of materials in THz domain can be treated as a characteristic

spectrum of corresponding molecules.
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Figure 1.10: Terahertz band in the electromagnetic spectrum [Adopted from [76]].

1.4.1. Terahertz generation and detection mechanisms

THz radiation can be generated from different sources using various mechanisms [77-84]. Among
them, ultrafast optical excitation of nonlinear crystals (having second order susceptibilities i.e. ) is
one of the prominent technique used for THz generation. The optical rectification mechanism is
responsible for THz emission from nonlinear crystals. We have employed the optical rectification
technique for generation of pulsed THz waves using DAST and ZnGeP, nonlinear crystals and
measured the power of terahertz pulses using pyroelectric detector. Table 1.3 shows the brief
descriptions of the schemes used for the generation and detection of THz radiation [85]. Advantages

and disadvantages of different NLO methods for generation of THz radiation is shown in Table 1.4.
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Table 1.3: Overview of different electronic and optoelectronic THz sources and detectors [85].

Generation Detection
Electronic * Microwave multiplier chain ® Schottky diode
* Backward-wave oscillator ®  Backward wave
* Gunn diode ® Rectifying transistor
®* Resonant tunnel diode (Tera-FET)
Thermal

*  Bolometer, Golay cell,
pyroelectric, thermopile

Laser *  Quantum cascade laser

*  P-type Germanium laser
*  Molecule gas laser

¢ Free electron laser

(Large facility)
Optical ¢ Photoconductive switch * Photoconductive switch
* Femtosecond pulse Antenna/photomixer Antenna/photomixer
* Incoherent multi mode | ¢ Optical rectification * Electro-optic sampling
* Two color continuous * Surface emitter * Biased air detection
wave * Photo-induced plasma
( Amplifier laser)

Table 1.4: Advantages and disadvantages of different NLO methods.

Generation by Advantages Disadvantages
Optical Rectification - easy alignment - fs laser needed
- waveform synthesis - limited output power
- broadband THz spectrum | - difficult phase matching
- high time resolution - broadband line widths
Difference Frequency Generation - ns laser needed - difficult alignment
- narrow line widths -two lasers needed
- cw possible
Parametric Oscillation - fast tuning possible - limited output power

1.4.1.1. Optical Rectification

Optical rectification is one of the second-order nonlinear processes. Dc polarization with a duration
in the sub-picoseconds emits when a nonlinear material is illuminated and subjected to intense laser
pulses. The duration of this dc polarization is in the order of when a nonlinear material is
illuminated with ultra short pulses. The THz generation from nonlinear crystal using optical
rectification is shown in Fig. 1.11. The dc polarization created by laser field in nonlinear optical
crystals in optical rectification process is given by [86,87]

P(0)=¢, 1”(@=0,~,)E,E,, (1

Where, ¥? is the second order nonlinear susceptibility, » is the frequency of generated
electromagnetic radiation. The electric field related to THz emission from nonlinear crystal is given
as
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Figure 1.11: Mechanism Optical rectification.

Ultrashort laser pulse

Where w,_ is the central frequency, I(w,) is the bandwidth of the incident laser pulse. It is
observed that the bandwidth of generated THz radiation is proportional to central frequency and
bandwidth of the incident laser pulse. This shows that a higher bandwidth pulse leads to generation
of broadband THz pulses. In optical rectification process, the THz generation depends on nonlinear
properties of material. Therefore, the nonlinear crystals, which have higher values of second order
nonlinear susceptibilities, generate broadband terahertz pulses. The nonlinear crystals are widely
used for THz generation due to the simplicity in alignment and ability to sustain at high laser
powers. The amplitude and bandwidth of emitted THz pulses using OR depend on properties of
incident laser pulse and nonlinear materials, crystal orientation, thickness, damage threshold, THz

and optical absorption of the material.

1.4.1.2. THz applications

THz radiation has several applications in various fields due to its unique characteristics associated
with fundamental process such as transparent to dielectric materials, high reflection from metal
surfaces, high absorption in water vapor, rotational transitions of molecules, large-amplitude
vibrational motions of organic compounds, lattice vibrations in solids, intraband transitions in
semiconductors, and energy gaps in super- conductor. Moreover, it is non-ionizing and non-invasive
in nature as compared to X-rays. The chemical substances, explosive materials, organic and
biological molecules, etc. have their characteristic spectra at terahertz frequencies. THz applications
exploit these unique characteristics of material responses to THz radiation. Therefore, THz
spectroscopy is one of the promising technique in identification and characterization of explosives
and other materials such as drugs and bio-agents etc [88-91].

Condensed matter is largely grouped into three categeries: water, metal, and dielectric based on
the optical properties at THz frequencies. Water is a polar liquid, which is highly absorptive in the

THz region. Metals are highly reflective at THz frequencies due to its high electrical conductivity.
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Nonpolar and nonmetallic materials, i.e., dielectrics such as paper, plastic, clothes, wood, and
ceramics that are usually opaque at optical wavelengths, are transparent to THz radiation.

In addition, THz radiations are useful for many imaging applications. Since common packaging
materials are dielectric, THz imaging is applied to nondestructive testing to inspect sealed packages.
In THz region water has high absorption; due to this, hydrated substances are easily differentiated
from dried ones. Metal objects can also be easily identified due to their high reflectivity and
complete opacity. The same concept is applied to security applications. THz imaging is used to
identify weapons, explosives, and illegal drugs concealed underneath typical wrapping and packaging

materials.

1.5. TG-DTA technique

Thermo gravimetric analysis (T'G) is a method of thermal analysis where the changes in physical and
chemical properties of materials are deliberate as a function of increasing temperature with constant
heating rate [92]. In addition to that it measures changes in weight in relation to changes in
temperature. The measured weight loss curve gives information on: (a) changes in sample

composition, (b) thermal stability, and (c) kinetic parameters for chemical reactions in the sample.

Table 1.5: Process and advantages of TG-DTA technique.

TG: Phenomena causing mass changes | DTA: Phenomena causing changes in heat

/temperature
Physical Chemical Physical Chemical
o Gas adsorption o Decomposition o Adsorption o Oxidation
o Gas desorption o Break down reactions (exothermic) (exothermic)
o Phase transitions | o Gas reactions o Desorption o Reduction
* Vaporization (Od Che?nsogpuons c (endothermic) (endothermic)
e Sublimation | (adsorption by means o !
chemical instead of physical o A changein crystal |0 Brealf down
forces) Structure (endo)-or reactions (endo —
exothermic) or exothermic)
TG: Applications o Crystallization o Chemisorptions
o Characterization of (exothermic) (exothermic)
* Thermal stability o Melting o Solid state
"  Material purity o (endothermic) reactions (endo - or
= Determination of humidity o .
. oVaporization exothermic)
o Examination of dothermi
=  Corrosion studies (e.g. oxidation or (?n 9t ermic)
oSublimation

reactions with reactive gases)
*  Gasification processes (endothermic)
=  Kinetic processes

Differential thermal analysis (IDTA) is a thermo analytic technique; in which the material under
study and an inert reference are made to undergo identical thermal cycles, while recording any

temperature difference between sample and reference [93]. The differential temperature is then
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plotted against time/temperature (DTA curve or thermogram). Changes in the sample, either
exothermic or endothermic, can be detected relative to the inert reference. Thus, a DTA curve
provides data on the transformations that have occurred, such as glass transitions, crystallization,
melting, decomposition and sublimation. The area under a DTA peak is the enthalpy change and is
not affected by the heat capacity of the sample. In our case, we have focused to find out the melting
and decomposition temperature of the HEMs and nature of reaction i.e. exothermic (exo) or
endothermic (endo). The overall advantages of TG-DTA technique for characterizing the physical

and chemical properties of materials are given in Table 1.5.
1.6. Overview of thesis

The overview of the thesis is presented in below flow chart (Fig. 1.12), the detail discussion of each

chapter included below.

Development of UV-Vis-THz lasers based Pulsed
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Figure 1.12: Overview of thesis.

Chapter 1 (Introduction)

This chapter comprises the general classification of HEMs/explosives and several laser-based
detection techniques, along with the current state of knowledge in this field. Other sub-sections in
the chapters also deals with the general introduction of photoacoustic spectroscopy, generation and
detection techniques of THz radiation.

Chapter 2 (Theory and experimental details)

This chapter describes the basic principle of pulsed PA spectroscopy, the selection/design of PA cell
to record the thermal PA spectra and experimental setup used for the study of thermal stability of
energetic materials in the vapor phase. It also includes solid photoacoustic cell design and

experimental layout. The instrumental details of TG-DTA, FTIR, Raman, GC-MS are also provided.
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In addition, we discussed basics of the nonlinear frequency process, phase matching, group velocity
mismatch, effective and coherence lengths of the crystals, etc. The information of the second
section is used for the generation mechanisms of THz radiation using nonlinear crystals such as
DAST and ZnGeP,.

Chapter 3 (Benzyl-series 1,2,3-triazoles: Study of thermal decomposition, stability, and
acoustic fingerprint spectra)

This chapter deals with the basic information about the chemical and physical properties of benzyl
series 1,2,3-triazoles named as 1-(2,4-dinitrobenzyl)-1H-1,2,3-triazole (§)), 1-(3,5-dinitrobenzyl)-1H-
1,2,3-triazole  (§,), 1-(2-methoxy-3,5-dinitrobenzyl)-1H-1,2,3-triazole  (§;), 1-(4-methoxy-3,5-
dinitrobenzyl)-1H-1,2 3-triazole ~ (§,), 1-(2,4-dinitrobenzyl)-4-nitro-1H-1,23-triazole  (§,). An
overview of different types of benchmark explosives and up to date studies carried out by various
groups are also provided. We introduced the pulsed laser photoacoustic pyrolysis technique to study
thermal decomposition, stability and acoustic fingerprints of selected nitro rich benzyl-series 1,2,3-
triazoles (labeled as 5y, S, 55 S,, S¢) using visible 532 nm and UV 266 nm wavelengths obtained
from Q-switched Nd: YAG laser of 7 ns pulse duration and repetition rate of 10 Hz. The thermal
stability and decomposition mechanisms of these compounds are also verified using thermo
gravimetric-differential thermal analysis (TG-DTA) technique. In addition, the thermal stability of
the compounds was also explained on the basis of the effect of data acquisition time, incident laser
energy and thermal quality factor ‘Q’ of the PA cavity. The study is also carried out to find the
efficiency order of these triazole derivatives as rocket fuel.

Chapter 4 (Phenyl-series 1, 2, 3-triazoles: Study of thermal decomposition, stability, acoustic
fingerprint spectra and absorption cross section)

This chapter describes the general properties, thermal stability, acoustic fingerprint spectra of phenyl
series 1,2,3-triazoles such as 1-(2-methoxy,-3,5-dinitrophenyl)-1H-1,2,3-triazole (S§;), 1-(3-methoxy,
2, 6 dinitrophenyl) 1, 2, 3 triazole (S8)), 1-(4-nitrophenyl)-1H-1,2,3-triazole (§5) and bis series
compound: 2,6-bis ((4-(nitromethyl)-1H-1,2,3-triazol-1-yl)methyl) pyridine (§,) using nanoseconds
laser pulses of 532 nm and 266 nm wavelengths. We also reported that recording of thermal PA
spectra of phenyl series triazoles requires higher incident laser energies as compared the benzyl series
1,2,3- triazoles. This shows that phenyl series triazoles release a low quantity of gaseous in their
decomposition than the benzyl series. This clearly shows that phenyl series triazoles are more
thermally stable than the benzyl series 1,2,3- triazoles. Also, the molecular density and absorption
cross sections of Sy and S, are ascertained based on released NO, molecules using 532 nm
wavelength. However, the study also shows that position of -NO, groups decides the thermal

stability of isomers S5 and S, The Gas chromatic—mass spectra of S5 and S, are also incorporated.
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Chapter 5 (Phenyl-series 1,2,4-triazoles: Bond breaking mechanism and thermal stability)
This chapter describes the effect of bond lengths of major chemical substituents on thermal stability
of nitro rich 1,2,4-triazoles named 1-(4-Methyl-3,5-dinitrophenyl)-1H-1,2,4-triazole (P-Me-DNPT),1-
(4-Methoxy-3,5-dinitrophenyl)-1H-1,2,4-triazole (P-OMe-DNPT), 2,6-Dinitro-4-(1H-1,2,4-triazol-1-yl)
aniline (P-NH,-DNPT) between 30 and 350 °C range using pulsed photoacoustic pyrolysis technique.
Thermal stability and photoacoustic fingerprint spectra of these compounds are evaluated in terms
of thermally released NO, molecules and total molecule vapor by employing 7 ns pulse duration and
10 Hz repetition rate pulses of second and fourth harmonic wavelengths i.e. 532 nm and 266 nm
respectively. The thermo gravimetric-differential thermal analysis (TG-DTA) data along with PA
results highlights the multistep decomposition mechanism of phenyl series triazoles. These studies
also help us to distinguish the characteristic behavior of propellants and explosives of reported
molecules as a rocket fuel.

Chapter 6 (Identification of trinitrotoluene and other HEMs in graphite mixture)

This chapter deals with the time-resolved PA spectra of different types of solid carbon blacks
obtained from wood charcoal, graphite powder and diesel soot using 532 nm wavelength pulses of
duration 30 ps at a repetition rate of 10 Hz. The results of the photoacoustic and Raman
spectroscopy allow us to evaluate the potential use of graphite powder for the identification of
trinitrotoluene (TNT) explosive using visible 532 nm wavelength. Also, we have recorded the PA
spectra of explosives such as nitrogen-rich imidazole, 1, 2, 4-triazole and tetrazole-based solid
compounds mixtures in graphite matrix using 532 nm /1064 nm wavelengths pulse duration 30 ps
and repetition rate 10 Hz. At these wavelengths, the HEMs do not have any absorption, however,
after mixing in graphite mixture, these compounds absorb the incident wavelengths. As a result,
strong PA signal is observed compared to pure graphite signal. We have investigated the phonon
transfer mechanism to identify TNT and other HEMs molecules using picoseconds laser pulses.
These results are further explained with the help of double resonant Raman spectroscopy.

Chapter 7 (THz generation and detection its applications in PA spectroscopy)

This chapter describes the THz radiation generation using optical rectification process in an
indigenously grown organic salt 4-N, N-dimethylamino-4’-N’-methyl-stilbazoliumtoyslate (DAST)
and imported crystal zinc germanium phosphide (ZnGeP,). The optical parametric amplifier pulses
tunable between 0.8-1.6 um and 1.15-1.6 um range, having pulse duration 60 femtosecond and
repletion rate 1 kHz were employed to generate THz. The maximum conversion efficiency (17) of

generated THz is 0.0161% which is obtained at pump wavelength 1.3 pm. In addition, we have




Chapter 1 Introduction

selected two rotational lines i.e. J= 19, 58 of pure N,O gas by using 0.5 and 1.5 THz bandpass
filters for recording the time-resolved photoacoustic spectra at 1 atm pressure. The THz radiation
generated from ZnGeP, crystal is further utilized to record the PA spectra of nitromethane and
methanol vapor at 0.5 and 1.5 THz bands.

Chapter 8: (Conclusions and Future Scope)

This chapter summarizes the work of previously mentioned chapters and provides the future scope
of the work. Our new investigations on thermal decomposition mechanisms of explosives, role of
graphite as a TNT sensor and THz based photoacoustic spectroscopy have opened several new
channels for future research. By judiciously selecting, the tunable laser in Mid-IR range will helps us

to identify different types of gaseous species produced during thermal decomposition.
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Chapter 2

Theory and experimental details

Abstract

In this chapter incorporated the details of photoacoustic spectroscopy theory, the experimental
setups used for the study of thermal stability and identification of solid energetic materials. In
addition provided the brief summary on some nonlinear frequency processes i.e. various phase
matching conditions for uniaxial and biaxial crystals, equations for group velocity mismatch,
effective and coherence lengths of the crystals. The technical information for instruments and laser

systems are also included.
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2.1. Process of photoacoustic technique

The Photoacoustic effect is based on the sample heating produced by optical absorption. Once an
absorbing molecule is excited by a laser beam to a higher energy level, it eventually falls down to its
initial energy level through several processes as follow [1, 2];

(a) Radiation (stimulated or spontaneous emission of a photon),

(b) Chemical reactions such as a bond rearrangement-photochemistry,

(c) Non-radiative deactivation, which consist in energy transfer towards surrounding molecules

through collisions.

The latter process is responsible for the increase in the kinetic energy of the molecules, which causes
local heating, and subsequently a thermal expansion in the medium. If the intensity of the light
radiation is modulated at a given frequency, the induced periodical thermal expansion gives rise to a
sound wave at the same frequency. This process is known as photoacoustic effect. However, there
are two type of excitation process in PA technique. The first process is modulated excitation
mechanism, where the intensity of radiation sources fluctuates periodically in the form of a square or
a sine wave by a mechanical chopper. In this process, the PA signal is enhanced due to acoustic
resonance. The second process is pulsed excitation mechanism, where laser pulses of
nanosecond/picoseconds duration is used for the generation of the PA signal. The repetition rates
are in the range of a few Hz (in our case 10 Hz), which provides a short illumination time followed
by a much longer dark period. This leads to a fast thermal expansion of the sample medium resulting
in a short shock pulse. The fast Fourier transform (FFT) used for conversion of time domain signal
into the frequency domain results in a wide spectrum of acoustic frequencies occupied according to
the dimensions of the PA cavity. However, the CW laser beam modulated in the form of a sine wave

excites one single acoustic frequency, whereas short laser pulses are broadband acoustic sources.
2.1.1. Design of PA resonant cavity (PA cell) for gas/vapor samples

The laser source, microphone, acoustic cell, preamplifier, oscilloscope and personal computer are
essential parts of the PA sensor. It helps us to develop an efficient system for the study of thermal
stability and decomposition mechanisms of HEMs. The pulsed PA pyrolysis technique requires
following information before performing the experiment:

Selection of a laser source: some knowledge of decomposition molecules and their absorption
wavelengths which can be found from HITRAN database [3-0]. Initially it can be noted that the
melting and decomposition temperatures and weight loss of the compounds from TG-DTA

technique. This profile enables selection of suitable wavelengths. The gas molecules have certain
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wavelength range only for a strong absorption. Therefore, select those laser wavelengths to find out
the particular absorption properties of gas components in terms of PA signal.

Selection of a microphone: Microphone should have high responsivity broad frequency range, low
power requirement, and suitable dimension, which enabled it to be housed in the cylindrical cavity.
Designing aspects of acoustic cell: A well-designed PA cell also works as an amplifier and allows
to excite all types of cavity modes with respect to the incident laser beam also possess high quality

factor.

(a) Microphone

Laser I

—_ -

P J

Gas/ vapor inlet-outlet controller

Microphone
-

d=8 mm

window

Figure 2.1: Designed PA cell of length: 7.5 cm, radius: 0.75 cm.

The thermal PA spectra of reported energetic compounds were recorded using laboratory designed
acoustic filter type resonance PA cell of length (L) = 7.5 cm, radius (R) = 0.75 cm (as shown Fig.
2.1) [7]. The resonant cell, with higher Q-value works as an amplifier, lowers the concentration of
gas, enables the system for a trace level detection. In a cylindrical PA resonance cell, the three types
of eigenmodes are excited i.e. longitudinal, azimuthal and radial modes. The noise generated at the
cell windows due to light source can be controlled by buffer volume known as acoustic filters. In the
designed PA cell, these have a length of 2 cm and a diameter of 0.8 cm. These filters suppress the
noise from outside the sample. Now the main cavity works as a resonator and it is acoustically
isolated [8]. In the case of a longitudinal resonator, the buffer volume should have a A/4 length,

where X is the wavelength of the sound wave.
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2.1.2. Calculated eigenmodes of the PA cavity

In PA technique, the PA cells serve as a container for the gas sample and the microphone device,
which is used, for detection of generated PA signals [2]. According to the mode of operation, the PA
cells are divided into two categories. The first category belongs to the non-resonant cell where the
geometrical cavity is not matched with the acoustic wavelength as a result standing wave patterns
cannot be formed and excited frequency does not match with any of the eigenmodes. The second
category deals with the resonant cell where the modulation frequency of the source matches with
one of the eigenmodes of the cavity. As a result, the quality factor of the cell becomes high and the
amplitude of the excited resonance mode is amplified. Therefore, the resonance cells are made by
fitting the PA cavity dimensions according to the desired acoustic modes. The resonance type of PA
cell based on the cylindrical geometry offers an intrinsic symmetry, easy overlapping of different
types of excited resonant modes excited by laser beam. In addition, it possess high sensitivity, high
quality factor and selection of suitable place to house a microphone to collect the best acoustic
modes of the cavity. Therefore, the cylindrical cavities are widely used in the field of photoacoustic
spectroscopy [2,9]. The inhomogeneous wave equation of the sound pressure in the lossless

cylindrical resonator is well explained by different groups [1,2,9-14]

dZP(r,t) _ 2v2 _ _ dH(I',t)
—z — ¢V Prh)y=(G—-1) 0

Where, ¢, y and H are the sound velocity, the adiabatic coefficient of the gas and the heat density

@.1)

deposited in the gas by light absorption, respectively. Because, the sound velocity, which is
proportional to the gradient of P(r), vanishes at the cell wall, the P(r) must satisfy the boundary
conditions of the vanishing gradient of p(r) normal to the wall [11]. The solution of equation (2.1) is
given by:

P(r,t) = Co(t) + Y=o Ca (OP, (r) (22)
Where Ci(t), C,(t) are the eigen mode amplitude of corresponding sound wave, C_(t) is given by

the Fourier series as:
-y imwot
C,(t) = Zn’mAn,me 0 (2.3)
The dimensionless eigenmodes distribution of cylindrical resonator is the solution of the

homogeneous wave equation and given by:
P,(r,t) = P,(r)e!"nt 2.4)
Where W, is the resonance frequency of the cavity resonator, P () is:
Pa(r) = Prng(1, 8,2) = Jn (K, 1) cos(K,2) {Sonime) } (2.5)
Where the amplitude (A,) of modulated beam is:
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_ iWO ('Y— l)fn
An = wZ-w3 +(iwo%) (2.6)

and amplitude (A,) of the pulsed laser is:

_ (y=1) L f Py (rm)o E

A, v

2.7)

Where f, is the overlap integral which describes the effect of overlapping between the pressure
distribution of the n™ acoustic resonance frequency and the propagating laser beam divided by the

normalized value of the n™ eigen mode as:

_ JH@®Py(dv
f = [ Pn2(r)dv (2.8)
The generated acoustic resonant modes inside the cylindrical cells can also be expressed as:
~
€[ (Xmn q 2
Fring =3 ((T)z + (T) ) 2.9)

Where ¢ is the sound velocity, a,, is the #th zero of the derivative of the 7" Bessel function at » = R
divided by m, where R and / represent the radius and the length of the cylinder, respectively. The
normal modes are separated into longitudinal (q), radial (#) and azimuthal (7) modes. For pure
longitudinal modes (i.e. 70, m=0, n=0), the resonance frequencies can be calculated from equation

(2.9) is
Fooq =< (%) 2.10)

The eigenmode function as described in equation (2.5) is:

P, (r) = Pyoq(z) = cos(K,z) (2.11)
In the radial mode and azimuthal modes the indices 4 = 0 and the resonance frequencies is

calculated by using

Finno = 5 (222) 2.12)
It is observed that the PA spectra of HEMs recorded using UV-Visible radiations occupy frequency
between 0-50 kHz range. The excited acoustic frequencies of the given PA cell of length (L) =7.5
cm, radius (R) = 0.75 cm. are listed in Table 2.1. The linear response of the detector microphone lies
in between 0-60 kHz frequency range. In PA spectra of compounds, the mixtures of the eigenmodes
(i.e. acoustic frequencies) are strongly excited than the individual cavity modes. For this PA cell, the
sixth and twelfth longitudinal modes are overlapped with first radial and azimuthal modes
respectively. These modes are clearly observed and which are predominant in nature in PA spectra
of HEMs compounds recorded at fourth (266 nm) and second (532 nm) harmonic wavelengths of

nanoseconds laser pulses [15].
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Table 2.1: Calculated frequencies of PA cell (I.=7.5 cm, R = 0.75 cm)

Longitndinal (q) 1 2 3 4 5 6 7 8 9 10 11

Modes f (kHz) 228 457 6.86 9.14 1143 1372 16.00 1829 20.58 22.86 25.15

,Z‘){ 12 13 14 15 16 17 18 19 20 21 22
J(RHR) 27.44 2972 32.01 34.30 36.58 38.87 41.16 43.44 45.73 48.02 50.30

Radial (n) modes 1 2 3 Agzimuthal(m)modes 1 2
f(kHz) 13.4 222 30.5 f(kHz) 27.89 38.8

2.1.3. PA experimental setup

The thermal PA spectra of 1,2,3-triazoles and 1,2,4-triazoles reported in chapter-3,4 and 5 were

recorded using a PA cell made of stainless steel with internal diameter of 1.5 cm and length of 7.5

cm.

Personal

Oscilloscope

200 MHz Preamplifier

Computer |—

Nd: YAG
532, 266 nm e » Energy
7 ns, 10 Hz | Meter

==

Trigger

Microphone

B

Vapor controllers l
|

Sample holder
Heating system

“Vacuum pump

2 PAcell

3 pressure gauge

4, 5:gas inlet/out |
5 Thexmocouple

controllérs. -

Figure 2.2: Experimental setup.
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Fig. 2.2 (a) shows the experimental design used in laboratory and Fig. 2.2(b) is the image of the
actual set up. A Q-switched Nd: YAG laser (Model Spit, Germany) of second and fourth harmonic
wavelengths i.e. 532 nm, 266 nm, respectively of pulse duration 7 ns and repetition rate 10 Hz were
used to excite the vapor of the compounds in a cylindrical PA cavity. The laser beam diameter is
adjusted to 6 mm using aperture and allowed to pass through the centre of the PA cavity. The
generated PA signal was detected by a pre-polarized microphone of responsivity 50 mV/Pa (BSWA,
China) and 0-60 kHz frequency range, which was housed in the centre of a PA cell. The output
signal of the microphone was fed to the preamplifier coupled to a 200 MHz oscilloscope (Tektronix,
U.S.A)). The analysis was carried out using data acquisition program, which was developed using
LabView software. The solid compound of small quantity (~ 1 mg) is kept in a specially designed
heating system, which facilitates the controlled pyrolysis between 30 and 350 °C range. The entire
system was evacuated up to 107 Torr using a rotating vacuum pump. The released vapor of the solid
energetic material at required temperature was introduced into the PA cell for recording of PA
spectrum at desired incident laser energy and data acquisition time. The input/output energies of

exciting laser pulses were measured with power meter (EPM2000, Coherent).

2.2. PA spectroscopy of solids
2.2.1. Theory on time-domain PA spectroscopy of solids

Most conventional photoacoustic spectroscopy of solids employs a periodically modulated light
source. The theory of photoacoustic effect in solids is well explained using R-G theory [16]. The
availability of high-intensity pulsed laser sources of short pulse duration make possible the study of
time response of a photoacoustic system in which the solid is excited by a single optical pulse. In
photoacoustic spectroscopy of solids, the sample to be studied is placed inside a closed cell
containing a gas, such as air, and a sensitive microphone. The sample is then irradiated with required
CW /pulsed excitation laser wavelengths; due to absorption, it emits periodic heat flow to the
surrounding gas molecules. The analog signal from the microphone is fed to a pre amplifier, whose
output is recorded as a function of the incident laser wavelength at required energy and data
acquisition time. Mandelis et al. reported the time-domain photoacoustic spectroscopy of solids [17].
The photoacoustic cell excited by a light pulse of short duration leads to the following physical
process such as optical, acoustic, and thermal. The geometry of the PA cell can treated as one-
dimensional approximation corresponding to the configuration as shown in Fig. 2.3. A solid of
thickness I (cm) having an optical absorption coefficient, B (cm™) is supported on an optically
transparent backing. The cell, of length L. (cm), contains an optically transparent gas and the light

pulse enters the cell through a non-absorbing window. Both the backing and the window are taken
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to be thick so that their exterior boundaries are not important. The sample is excited by a light pulse

in the form of a Heaviside function of duration 7z, (sec) and an irradiance of I,(W cm™).

<€—— Light

> X

Backing Sample Gas Window
(b) (s) (g (W)

Figure 2.3: Schematic layout of one —dimensional cell geometry [17].

The nonradiative de-excitation processes following light absorption in the solid are taken to be
instantaneous. The pressure in the cell (the PA signal) is assumed to be uniform throughout the cell
and exhibits no delays due to the finite velocity of sound.

The thermal diffusion equations for each of the regions of the cell can be written, with only that

for the solid containing a distributed heat source for the duration of the pulse. For the solid

o° 10
—T.(x,t)———=—T.(x,t) =0, for all ¢
Eve (1) asatS( )
Whete for
—np1
:%exp(ﬁx), O<t<r,, -1<x<0
=0. t>7,, —-1<x<0 (2.13)

Where T (x,7) is the temperature of the solid, 7 is the efficiency of the nonradiative processes, K is
the thermal conductivity, and o, = K /o,C,, is the thermal diffusivity. C, and g, are the specific heat
and density of the solid, respectively.

Three similar equations, but with no source term, hold for the other regions of the cell. These

have the form

;—;Ts(x,t)—isgn(x,t) =0, forall #
Where for
x<-l, i=Db (backing)
0<x<L, i=g (gas) 214
XL, i=w (window)

Since only temperature changes due to the light pulse are of interest, equations (2.14) are subject
to the initial condition: T (x,0) = 0 and to the condition of temperature and heat flux continuity at

the boundaries between the regions for all times. The time-domain equations (2.14) are solved in

Laplace space s by taking their Laplace transforms.
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In order to obtain the expression for the photoacoustic response of a cell excited by a light pulse,
the time development of the temperature profile in the gas must be converted to an average pressure
in the cell. This average pressure is detected by the microphone. Under typical experimental
conditions the gas in the cell may be treated as an ideal gas and from the equation of state:

pst) = R ot )Tl 2.15)
where g(x,#) is the density of the gas in the one-dimensional enclosure and R is the gas constant. The

average pressure in the chamber can be computed by taking the spatial average of p(x,7 ).

2.2.2. Experimental setup for solids

Fig. 2.4 shows the photoacoustic experimental layout for solid samples reported in chapter 6. The
samples were placed in an aluminum cubic shaped (5*¥5*5 cm’) cell. The PA spectra of wood black,
graphite, diesel soot, TNT, including several energetic materials in graphite matrix were recorded
using Q-switched Nd: YAG laser (PL-2250 Ekspla, Lithuania) of wavelength 532 nm and 1064 nm

wavelengths, 30 ps duration, 10 Hz repetition rate.

/ \ Mirror

- Q- Switched 4
Nd: YAG laser

532 nm
1064 nm
30 ps,10 Hz

PC

Microphone

Figure 2.4: Solid PA cell experimental set up.

The generated PA signal recorded using a pre-polarized microphone (BSW, China), which was
housed in a Teflon jacket and placed at a distance of 1.0 cm from the sample cavity. Carbon black
samples were adjusted in the form of a circular disk of uniform thickness. The distance between the
centres of the sample to the microphone head was 2.2 cm. An aluminium plate along with neoprene
washer was used to cover the cavity. The plate has one-inch diameter glass window for irradiating
the sample kept in the cavity. The pre-amplified PA signal fed to the digital storage oscilloscope
(Tektronix, 200 MHz) to record the time domain signal. The output of oscilloscope was connected

to the personal computer for recording the fast Fourier transform spectra using indigenously
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developed data acquisition program in the LabView software. Weights of the samples were

measured using digital balance (Sartorius BSA224S —CW).

2.3. Instruments

2.3.1. TG-DTA Instrument

Thermo gravimetric-differential thermal analysis (TG-DTA) was carried out using TA instrument
(Model No. Q600DT). The solid compound was introduced into an alumina crucible and heated
between ~30-500 °C range in nitrogen atmosphere (flow rate of 100 cm’ / min) which works as the
purge and protective gas. An empty alumina crucible was used as reference. Non-isothermal TGA
runs were conducted between ~30-500 °C range at nitrogen atmosphere with purge rate of 10
°C/min. The thermo gravimetric analysis provides the weight loss in the compounds, where as
DTA/ DSC provides the rate of heat flow as a function of temperature. Heat flow curve provide the
information about melting, decomposition temperatures of the energetic materials. The compounds
follow endothermic at their melting temperature and either exothermic or endothermic at

decomposition temperature.

2.3.2. FTIR Instrument

Infrared spectra of reported HEMs compounds were recorded using Perkin-Elmer IR spectrometer
in between 400-4000 cm” range in form of KBr pellets. The working principle of an FT-IR
spectrometer is infrared light emitted from a source is directed into an interferometer, which
modulates the light. After the interferometer, the light passes through the sample and is then
focused onto the detector. The signal measured by the detector is called the interferogram, which is
obtained from equation (2.13). The FTIR spectrometer operates on a different principle called
Fourier transform.

The mathematical expression of Fourier transform can be expressed as
F) = f()e dx (2.16)
And the inverse Fourier transform is
1 i -iox
f() == [ F)}e™ do 2.17)
2 5,

Where,  is angular frequency and x is the optical path difference. F(w) is the spectrum and f(x) is
called the interferogram. The total internal energy of a molecule in a first approximation it can be
resolved into the sum of rotational, vibrational and electronic energy levels [18]. Infrared

spectroscopy is the study of interactions between matter and electromagnetic fields in the IR region.
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In this spectral region, the electromagnetic waves mainly couple with the molecular vibrations. An
infrared spectrum represents the fingerprint of a sample with absorption peaks, which correspond to
the frequencies of vibrations between the bonds of the atoms making up the material. Because each
different material is a unique combination of atoms, no two compounds produce exactly same
infrared spectrum. Therefore, infrared spectroscopy can result in a positive identification (qualitative
analysis) of every different kind of material. In addition, the size of the peaks in the spectrum is a
direct indication of the quantity of material present [19].

Some of the major advantages of FTIR over the dispersive technique include: speed sensitivity
mechanical simplicity, internally calibrated. These advantages, along with several others, make
measurements made by FTIR extremely accurate and reproducible. Thus, it is a very reliable
technique for the positive identification of virtually any sample. The sensitivity benefits enable
identification of even the smallest of contaminants. This makes FTIR an invaluable tool for quality
control or quality assurance applications whether it is batch-to-batch comparisons to quality
standards or analysis of an unknown contaminant. In addition, the sensitivity and accuracy of FTIR
detectors, along with a wide variety of software algorithms, have dramatically increased the practical
use of infrared for quantitative analysis. Thus, the Fourier Transform Infrared (FTIR) technique has

brought significant practical advantages to infrared spectroscopy.

2.3.3. Raman Instrument

The Raman spectroscopy measures the vibrational motions of a molecule like the infrared
spectroscopy. It is the physical method of observing the vibrations; however, it is different from
infrared spectroscopy. This spectroscopy measures the light scattering while infrared spectroscopy is
based on absorption of photons. Raman spectra of carbon materials i.e. wood black, graphite
powder, diesel soot and energetic compounds such as trinitrotoluene and other HEMs were
recorded using A = 532 nm (model: Witech focus innovations 300 system software, with central
wavelength 600 nm). When monochromatic radiation is incident upon a sample then this light will
interact with the sample in some fashion. It may be reflected, absorbed or scattered in some manner
[20-22]. Raman spectroscopy comprises the family of spectral measurements made on molecular
media based on inelastic scattering of monochromatic radiation [23-24]. During this process, energy
is exchanged between the photon and the molecule such that the scattered photon is of higher or
lower energy than the incident photon. The difference in energy is due to change in the rotational
and vibrational energy of the molecule and provides information about the energy levels. The

diagram of the Rayleigh and Raman scattering process are shown in Fig. 2.5.
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Figure 2.5: diagram of the Rayleigh and Raman Scattering process.

2.3.4. GC-MS instrument

The Gas-chromatic (GC) separates the compounds from each other, while the mass spectrometer
helps to identify them based on their fragmentation pattern. Gas Chromatography (GC) is a
commonly used analytic technique in many research and industrial laboratories for quality control as
well as identification and quantization of compounds in a mixture. GC is also a frequently used
technique in many environmental and forensic laboratories because it allows for the detection of
very small quantities. Many GC instruments are coupled with a mass spectrometer, which is a very
good combination. A broad variety of samples can be analyzed as long as the compounds are
sufficiently thermally stable and reasonably volatile. A mobile and a stationary phase are required for
this technique. The mobile phase (carrier gas) is comprised of an inert gas i.e., helium, argon, or
nitrogen. The stationary phase consists of a packed column in which the packing or solid support
itself acts as a stationary phase, or is coated with the liquid stationary phase. Most analytical gas
chromatographs use capillary columns, where as the stationary phase coats the walls of a small-
diameter tube directly. The separation of compounds is based on the different strengths of
interaction of the compounds with the stationary phase. The stronger the interaction, the longer the
compound interacts with the stationary phase, and more retention time it takes to migrate through
the column. Mass spectrometry is a powerful analytical technique used to quantify known materials,
to identify unknown compounds within a sample, and to elucidate the structure and chemical
properties of different molecules. The complete process involves the conversion of the sample into
gaseous ions, with or without fragmentation, which are then characterized by their mass to charge
ratios (m/z) and relative abundances. This technique studies the effect of ionizing energy on
molecules. It depends upon chemical reactions in the gas phase in which sample molecules are

consumed during the formation of ionic and neutral species. The compounds reported in chapter-4
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Le. S5 and 5, dissolved in chloroform (CHCL) to record the Gas Chromatography (Agilent7890a) —
Mass spectra (AccuTOF GCV): 0.4 uL solution of the compound was injected after making a

saturated solution. The temperature of injector, ion source and transfer line were maintained at 250,

200 and 260 °C, respectively.

2.4. Lasers technical details

2.4.1. Q-Switched Nd: YAG nanoseconds laser

The thermal stability and decomposition mechanism of HEMs were studied using a ns pulsed laser
‘SpitLight 1200 Nd: YAG Laser System with Seeder’ from InnolLas GmbH. A Q-switched Nd:YAG
system produced infrared laser pulses of fundamental frequency at 1064 nm wavelength. The second
(532 nm), third (354 nm) and fourth (266 nm) harmonics are produced by using nonlinear optical
crystals such as KD*P or KTP in harmonic generating assemblies. The Nd: YAG laser rod was
pumped by Xenon-filled flash lamps. The ns pulses were produced using Q-switching mechanism,
achieved by a pockels cell and a polarizer in the oscillator cavity. The pulses were further amplified
in preamplifier and main amplifier sections of the laser. The maximum energy of the laser pulses was
~1300 @ m] 1.064 pm at the repetition rate of 10 Hz. The harmonic generating assemblies

containing KDP crystals were used to produce the SHG at 532 nm wavelength

2.4.2. Q-Switched Nd: YAG picoseconds laser

The time resolved photoacoustic spectra of TNT and other HEMs compounds were recorded using
high energy picoseconds Q-Switched Nd:YAG Laser (EKSPLA PL2250) of fundamental (1064 nm)
and second harmonic (532 nm) wavelengths of duration 30 ps and 10 Hz repetition rate. It has two
amplifiers, one is diode pumped regenerative amplifier other one is flash lamp pumped power
amplifier producing upto 100 m] per pulse at 1064 nm, 30 ps pulse duration and excellent pulse

duration stability upto 50 Hz repetition rate.

2.4.3. Femtosecond laser system

Micra: The fs oscillator (Coherent, MICRA 10, Ti: Sapphire laser oscillator system) capable of
producing mode-locked fs pulses with bandwidth adjustable from 30 nm to over 100 nm at a
repetition rate 76 MHz. The laser operated at a center wavelength of 800 nm and was tunable from
750 nm to 950 nm [6]. The ~15 fs (FWHM) pulses (spectral bandwidth of 55-60 nm, FWHM) with
typical energy of ~1 nJ from oscillator was used as a seed for the amplifier pulses from an oscillator.

Regenerative Amplifier: The amplifier (Legend-HE, Coherent) is capable of producing amplified

fs pulses with an average energy ~2.5 m] at 1 kHz repetition rate. The fs amplifier is based on
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chirped pulse amplification process. First the pulses were stretched in time (up to ~200 ps) and send
to the regenerative amplification stage, where another Ti: Sapphire present in the cavity (pumped by
high power Nd: YLF laser with a 1 kHz repetition rate) amplifies them. The pulses go through
several round trips (~16) in the cavity to gain the energy. After gaining energy, they are ejected out
of the cavity and pass through the compression region. At this stage, the pulse was compressed to
~40 fs duration [7].

TOPAS-C: is a two-stage parametric amplifier of white-light continuum. Its basic configuration
comprises of several subunits: pump beam delivery and splitting optics (PO), white-light continuum
generator (WLG), a pre-amplifier or first amplification stage (PA1l), a signal beam expander-
collimator (SE) and a power amplifier or second amplification stage (PAZ2). These subunits are
arranged in a single compact unit. The device employs computer controlled translation and rotation
stages that allow for a fast and precise optimization of positions of certain optics when tuning the
output wavelength of TOPAS-C. Nonlinear crystals used in TOPAS-C for generation of IR tunable
pulses (~ 60 fs duration) as well as crystals for second harmonics or sum frequency generation are
fabricated of beta-barium borate (BBO) or lithium triborate (LBO). These crystals are known to be

hygroscopic. Crystals used in TOPAS-C have protective coatings.

2.5. Nonlinear frequency mixing processes

Some of the nonlinear frequency mixing optical processes are classified according to generation
mechanism of wavelengths such as [25,20]

(1) Second Harmonic Generation (SHG), generation of visible green light with a doubled frequency,
two photons are destroyed creating a single photon at two times the frequency,

(2) Sum Frequency Generation (SFG), generation of UV light with a frequency that is the sum of
two other pump and signal frequencies

(3) Difterence Frequency Generation (DFG), generation of infrared light (idler) with a frequency
that is the difference between two other frequencies (i.e. pump and signal ).

(4) Optical Parametric Oscillation (OPO) is used for generation of a signal and idler waves in visible
and Mid-IR range.

(5) Optical Rectification (OR) generation of quasi-static electric fields which lies in the THz
domain.

Second harmonic generation is a special case of SFG, while OPO and OR process are special cases
of DFG. The stronger and wide band terahertz radiation can be generated through DFG and OR
process. In case of DFG two closer wavelengths of pump and signal are phase matched in suitable

nonlinear medium to generated the idler (which is in THz domain). However, in case of OR only
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single beam of ultrafast duration is enough to generate the broadband THz radiation. DFG process
is limited to some of the crystals only (ex: ZnGeP,, ZnTe, LiNbOs), because limitation of availability
of dispersion relations (sellmeir equations) in the terahertz domain to calculate the phase matching
angles. We have theoretically predicted the generation of THz radiation from ZnGeP, using DFG
process by calculating phase matching angle, group velocity mismatch, and effective length of
crystals depend upon pulse duration. The geometry and energy level diagrams of NL process are

described in Fig. 2.6.
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Figure 2.6: Geometry and energy level diagram describing NLO process.

2.5.1. Phase matching conditions for uniaxial crystal and biaxial crystals

Light polarized in the plane containing wave propagation vector £ and the optic axis is called the
extraordinary polarization and experiences a refractive index 7,(0) that depends on the angle 0

(called phase matching angle) between the optic axis and £ according to the relation

1 cos?(0) |, sin?(8)
@2 - 2 . (2.18)
Eq’n (2.18) is used to obtain the proper cut of NLO crystals for all types of phase matching
conditions like type I, type IIA, type IIB in different nonlinear wave mixing process listed in Table

2.2 for uniaxial crystals. However, in case of biaxial crystal extraordinary refractive index in along

with the principle plane XY, YZ and XZ are defined by
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+

n2(4,) nZ(4,)

B ~1/2
(1) = c052¢9+ sin®@ (2.19)
o ni(4) N7 (4)

-1/2
. cos’@ sin%@
n°,(4,) =

Table 2.2 shows the schemes and phase matching conditions for positive and negative uniaxial

crystals, while Table 2.3 indicates for biaxial crystals in three different principle planes.

Table 2.2: Phase matching conditions for uniaxial crystals.

Nonlinear | Scheme PM condition uniaxial erystals
process negative positive
SHG Type-I k2(6)=2k,° k2=2k,2(6)
Type-11 kF(8)=k 2(0) ;0 .=k E(6) ke
SFG Type-I fesf(6) =k +k,° fes® =k 5+ (6)
Type-11 k£ (O) =k (6)+i,~ ke =k, +kA(0)
DFG Type-I et =k (O) e £ (0) =Tk (0)
Type-IIA k£ 8)=k2(8)+k,° ko =k2-k,%(8)
Type-11B 57 =k 2(60)-k 2 (6) k#(0)=k -k~
OR
Type-I ks =k, (8)-k,%(8) k32 (6)=k0-k,°
(i k;=ks) (if e =k2)

Table 2.3: Phase matching conditions for biaxial crystals.

Principle Type of PM Type of PM PM condition
plane SFG/SHG DFG For SFG /SHG for
pump-tsignal>idler | pump-signal=>idler N Ny n,
XY Tyvpe I oto-e Tvpe I e-0=0 7, (A + 1, (A)=n,(A)
oo 7. (A) + 1. () = 7. (A)
| to -ve TypeIl: o+ e »e | TypeIl: e-0 se 17, (A)+ 1, (A) =1, (4)
uniaxial 7.(A)+17.(4,) z7,(4)
Tyvpe III: e+ o=e | Type Il e-e=0 () + 1. (A <17,(A)
17.(A)+1.(A,)2n.(4)
Y7 Tvpe I: ete=o Tvpe I: o-e=e (A +n (A)<n.(A)
=900 7.( )+ 17.(A) 217, (A)
| to Type II: eto=>o0 Type II: o-e=o0 7, (A +n . (A) =7 (4)
(+ve) 7.(A2) +11,(A,) 2 1. (A)
uniaxial
Type IIT ote=o Tyvpe II 0-0=>e 7. (A4)+ 7, (A)=n.(A)
7, () +17.(4,)2n,(4)
():=Znn Type | :0+o0->e Type l: e-o=0 7, () + n, (A= 1.(A)
6<Vz Type Il :0+e—>e Type ll: e-0 »e 7 (A +n. (A =20, (4)
(-ve) 2 2
Type lll: e+to—>e Type lll: e-e=o 7. (A + 17, (A )= (A)
Type | :e+e=o0 Type |: o-e=e n7.(A)+7.(A)=n,.(A)
:—Jj\/z) Type ll: e+to=0 Type Il: 0-e=0 7.(A4)+n,(A)=zn,(4)
ve :
Type lll: o+e=o0 Type lll o-o>e 7. (A + 1. (A =0, (A)

Here, 7 is the ratio of refractive index to the corresponding wavelength of laser pulses i.e. 7 =n/A.
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2.5.2. Group velocity

Group velocity depends upon the refractive index (7) of medium, and it is defined by

V= & (2.20)

Where, A is the wavelength of laser pulses, and # is the refractive index of crystal. ¢ is velocity of

light, the denominator of Eq’n (2.20) is nothing but the group refractive index (7).

2.5.3. Group velocity mismatch

Group velocity mismatch (GVM) between the generated and pump pulses is given by

GwMm =+ 1 2.21)
Ve(4is) Vvy(4,)

Where, A, A, and }; are wavelengths of pump, signal, and idler pulses.

2.5.4. Group velocity dispersion and phase delay

The propagation vector (&) can be expanded using Taylor series in the spectral domain up to second

order
k (@) = k(@) + k' (@6) (@ — w,) + 5 k(o) (@ — w,). (2.22)
Detuning frequency Q=w — w,. (2.23)
Inverse of the group velocity — 1/v, =k (w,). (2.24)
Group velocity B=k'"(wy) = % (2.25)
Phase delay D=BLQ. (2.26)

L is the length of the crystal

2.5.5. Effective length of the crystal (Lef)

Assuming that a very short pulse enters the crystal, the length of the generated pulse, t will be
determined by the difference in light-travel times through the crystal [27]:

=L, Ay, (2.27)
T is the temporal width of the fundamental pulse, Ay, is the group velocity mismatch, I is the
effective interaction length. Group velocity mismatch between required pulses can be calculated

using Eq’n (2.21).
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2.5.6. Walk off length (4)

In the optical rectification process the walk off length crystal is defined by

Ly = ————. 2.28

w (Mopt—NTHZ) ( )
Where 1 is the pulse duration of pump pulse, 7, 7y, ate the refractive indices of optical and

generated THz pulses respectively.

2.5.7. Coherence length (L)

The coherence length for the crystal between optical and THz pulses are given by
lc = il ot
€ wrHz(MGopt—NTHZ)

[ R— 2.29)

T2 (NGopt—nrHZ)
Where Wryy, is angular frequency THz pulses, gy is the group index of pump pulses. The
stronger THz wave can be generated if coherence length of the crystal is greater than the length of

the crystal (L).

2.6. Conclusions

The theory of photoacoustic spectroscopy and the experimental setups used for the study of
thermal stability and decomposition of energetic materials have been presented. The type phase
matching conditions for uniaxial and biaxial crystals are provided. The formulae for group velocity
mismatch, effective length, coherence length of the crystals are also presented. For the selection of
suitable thickness of the crystals to generate the other radiations either second harmonic signal, THz
radiation using different nonlinear process, we have to know that sellmeir equations, phase matching
type, group velocity mismatch, effective length and coherence lengths. The generation of other
wavelengths using sum frequency generation and difference frequency, we can consider the effective
length of crystal, which also depends upon pulse duration of pump wavelengths. While in the case
of optical rectification process, the coherence length of crystal must be taken in to account, which

depends upon angular frequency of generated THz pulses.
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Chapter 3

Benzyl-series 1H-1,2,3-triazoles: Study of thermal

decomposition, stability and acoustic fingerprint

spectra
Abstract

In this chapter, the study of thermal decomposition, stability and acoustic fingerprints of nitro
rich benzyl-series 1H-1,2,3-triazoles is discussed using visible 532 nm and UV 266 nm
wavelengths obtained from Q-switched Nd: YAG laser of 7 ns pulse duration and repetition
rate of 10 Hz. The thermal stability and decomposition mechanism of these compounds is also
verified using thermo gravimetric-differential thermal analysis (TG-DTA) technique. In addition,
the thermal stability of the compounds is explained using effect of data acquisition time, incident
laser energy and thermal quality factor ‘Q’ of the PA cell. Further, study is carried out for finding

the efficiency of these triazole derivatives as rocket fuels.
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3.1. Introduction

he present global trend is to develop some new eco-friendly long chain nitrogen or oxygen
Trich high energy materials which should possess high detonation performance and heat of
formation in combination with good thermal and shock stability. These compounds can be used
as efficient rocket fuels and gun propellants [1-5]. Therefore, the study of thermal stability,
decomposition and testing the efficiency of rocket fuels becomes important to understand the
molecular dynamics of these compounds under different temperatures. Recent advances in
spectroscopy techniques such as CW, pulsed laser based interferometer techniques, supersonic
jet coupled with time of flight mass spectrometer and ultrafast spectroscopy has opened a new
channel for understanding the molecular dynamics of HEMs [6-9]. Some groups studied the
thermal decomposition and stability mechanism of HEMs using TG-DSC/DTA coupled with
Fourier transform infrared spectroscopy (FTIR) or Gas chromatography—mass spectrometry
(GC-MS). They demonstrated that volatile decomposition starts above the melting point [10-16].
All the techniques mentioned above revealed that NO, molecule is one of the principal volatile
byproduct gasses released by HEMs during the process of thermal decomposition, and it was
treated as a thermal marker. We have studied the thermal stability and decomposition
mechanisms of HEMs in terms of released quantity of gaseous molecules using pulsed
photoacoustic technique by employing visible 532 nm and UV 266 nm wavelengths as an
excitation source [17,18]. These laser pulses are second and fourth harmonic wavelengths
obtained from Q-switched Nd: YAG laser system of 7 ns duration, 10 Hz repetition rate.

The photoacoustic pyrolysis technique offers main advantages such as high sensitivity,
selectivity, compact setup and fast time-response, and is widely recognized for its excellent
performance in trace gas detection from ppb to ppt level [19-24]. The NO, molecules have
strong absorption in visible 532 nm wavelength and is excited to °B, state, which is responsible
for V-T and V-V relaxations [22,25,26]. Besides, series of some other intermediate byproduct
gasses such as N,O, NO, H,0, CO, CO,, H, etc. are simultaneously released from HEMs
[27,28]. Many of these gaseous molecules have strong absorption in UV 266 nm range [29]. The
released vapor of HEMs subsequently follows the process of photodissociation due to T* < n
electronic transition inside the PA cell when it is excited by UV 266 nm wavelength [30,31]. The
nitrogen and oxygen or nitro rich energetic molecules have C-NO, or N-NO, bonds according
to structure of HEMs. These molecules follow the root of cleavage of C-NO,, N-NO, bonds
from ring structure inside the heating chamber during the pyrolysis (pyro analysis) process
[32,33]. In the next step, released vapor is allowed into the PA cell and it is excited by suitable
laser wavelength. The PA spectra were recorded at required temperature and pressure of vapor
also selected the suitable incident laser energy and data acquisition time. The Thermal stability,

decomposition mechanism and efficiency of compounds as rocket fuel was studied for the
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compounds like 1-(2,4-dinitrobenzyl)-1H-1,2,3-triazole  (§), 1-(3,5-dinitrobenzyl)-1H-1,2,3-
triazole  (5,), 1-(2-methoxy-3,5-dinitrobenzyl)-1H-1,2 3-triazole ~ (§;), 1-(4-methoxy-3,5-
dinitrobenzyl)-1H-1,2,3-triazole (§,), 1-(2,4-dinitrobenzyl)-4-nitro-1H-1,2,3-triazole (§,). These
compounds are synthesized by A. S. Kumar et al [3]. The study reveals that thermal stability of
these compounds depends on the positions of principal functional groups (mainly position of -
NO,) present in the compounds. The structures, chemical formula, density (p), velocity of
detonation (VOD), detonation pressure (DP) and heat of formation (AH,) is shown in Table 3.1.

The positions of principle functional groups are clearly observed in the structure of the

compounds.
Table 3.1: Crystal structure, formula and energetic properties of the compounds.
Sample | Structure Formula p VOD DP AHjg
gm/cm3 | km/s GPa kJ/mol
NO,
N’%‘N\Q CoH/NsO4 1 1,53 6.26 15.73 381.9
Sl N NO,
N
CoH7NsO
s, NTNQNOZ oHNsO4 1,53 6.27 15.77  364.8
O.N
s O \Qm CioHoNsOs 1,53 5.90 14.08 1974
OCH,
ON
" CuHNO 1.54 5.92 14.08 232.6
1019IN5UJ5
S, ~ o, . . . .
w
on NG,
= CoHeN¢Os  1.64 6.99 20.7 390.3
56 N N
NO,

Compounds S, and §, are isomers, whereas §; is improvised version of §; having additional NO,
group present at triazole moiety. Similarly, S5 and S, are isomers, where the position of methoxy
group is different. A. S. Kumar et al. calculated the velocity of detonation and detonation
pressure of the samples using Kamlet-Jacobs empirical equations [3]. The detonation
performance depends on the crystal density. Of these materials §; has high crystal density i.e.
1.64 gm/ cm’ and possesses high performance which is 6.99 km/s. However, PA results
compared with TG-DTA technique shows that §; is more thermally stable compound. The
experimental set up carried out in the laboratory is shown in Fig. 2.2. The PA cell of length (L)

=7.5 cm, radius (R) = 0.75 cm is used to record the thermal PA spectra.

3.2. FTIR spectra of S, S,, S,, S, and S,

Fig. 3.1(a-¢) shows the FTIR spectra of S}, S,, 55, 5, and S, recorded in the form of KBr pellets.
It confirms the presence of different functional groups. The strongest absorption peaks of C-O-
C,-NO,,—N=N"=N", -OCH,and C-H are observed between 1300-1000 cm™, 1550-1300 cm,
2400-2000 cm™ and 2850-2810 cm™, range respectively. The line bond structures of compounds

shows in the inset of Fig. 3.1.
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Figure 3.1: FTIR spectra of §1, 52, 53, S4 and Se.

3.3. 532 nm based thermal PA spectra of compounds

Fig. 3.2(a-¢) and 3.2(f-)) show the thermal PA spectra of S}, S,, S5, §,and S, recorded at 532 nm

and 266 nm wavelengths, respectively. The 532 nm based PA spectra recorded at the input laser

energy; I, =5.25 m] and vapor pressure of 600 Torr. The data acquisition time for recording the

PA spectrum for S was selected to be 2.5 ms, which covers up to 50 kHz of acoustic frequency

range. In the case of other triazole compounds, the 532 nm based PA spectrum is restricted up

to 25 kHz frequency range only. Therefore, it was decided to select data acquisition time of 5 ms

to record the thermal PA spectra of other compounds, which also enhance the lifetime of the
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microphone sensor. In the case of lower data acquisition time, the frequency conversion time is
more. Consequently, the sensor (microphone) is exposed to high temperature for a longer
duration off which causes damage to the diaphragm, whereas, in the case of UV 266 nm
wavelength the PA spectra occupies the frequency range of 0-50 kHz. The used incident laser
energy and data acquisition time for recording of PA spectra of compounds are listed in Table
3.2 for both excitation wavelengths. In this case, lower time scales are suitable for recording the
PA spectra. However, we have selected # = 1 ms for recording the PA spectra because the
incident laser energy was comparatively low for 266 nm to achieve the higher amplitude of PA
signal. In both cases, the temperature based PA spectra are recorded between 30-350 °C range
and the highest intensity of PA signal was achieved at either compound melting or
decomposition temperatures.

Table 3.2: Incident laser energies and data acquisition time.

Samples 532 nm 266 nm
B, @) fms) B, @) 7(my
S, 5.25 2.5 0.5 1
S, 5.25 5 0.05 1
S, 5.25 5 0.5 1
S, 5.25 5 0.56 5
S, 5.25 5 0.08 0.25

3.3.1. Thermal PA spectra of S

Fig. 3.2(a) shows the thermal PA spectra of 5| recorded at 532 nm wavelength. It clearly shows
that there is not much significant change in the strength (intensity) of PA signal as a function of
temperature. However, there is a small change at 145 °C and 225 °C, which are the melting and
decomposition temperatures of S, respectively. The PA signal curves show that between 30-225
°C, there is a very small percentile change in the quantity of released NO,. However, there is
some significant change is observed in the intensity of acoustic modes due to the release of extra
NO, gas between 225-350 °C range. In the thermal PA spectra of S, the predominant acoustic
mode present at 8.95 kHz. Elevation of this mode might be due to the release of free NO, gas
molecules at a different temperature. However, there are some small peaks of PA spectra are also
located at 3.1, 12.7 and 15.4 kHz frequency range for 532 nm wavelength. Finally, the PA signal
curves of 5| confirmed that it is thermally stable in the temperature range of 30-225 °C.

Fig. 3.2(f) depicts the thermal PA spectra of 5, at 266 nm wavelength. The PA signal has the
highest intensity at melting temperature 150 °C (1,,=145 °C) it is attributed to the higher
concentration of released vapor at this temperature. However, the decomposition temperature of
S, is 215 °C but there is no significant change in the PA signal. It means that S, does not release

any other gas, which has strong absorption in 266 nm range.
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3.3.2. Thermal PA spectra of &

Fig. 3.2(b) depicts the 532 nm based thermal PA spectra of §, recorded between 50-310 °C
range. The intensity of the PA signal for different acoustic modes varies as a function of
temperature. In this case, the predominant acoustic mode is located at 8.89 kHz and few other
modes are present at 3.1, 12.7, and 15.3 kHz. The strength of PA signal varies from 5.71-15.3
mV, between 50-310 °C range. The PA spectra of §, have a maximum intensity at 130 °C (T}
and 310 °C (T}), and shows that it continuously releases more quantity of NO, between 50-130
°C range. However, there is a stiff fall in the PA signal between 130-220 °C and again shows
enhancement between 220-310 °C range. The intensity of 8.89 kHz mode at T, and T varies
from 12.12 mV to 15.3 mV only.

Fig. 3.2(g) depicts the thermal PA spectra of S, recorded between 60 and 330 °C range using
266 nm at 0.05 m] laser energy. The intensity of PA signal shows saturation behavior between 60
and 312 °C range. The PA signal shows highest intensity at 330 °C, which indicates that at higher

temperature, this compound releases molecular vapor if high concentration.

3.3.3. Thermal PA spectra of S

Fig. 3.2(c) indicates 532 nm based thermal PA spectra of S, recorded in the temperature range of
30-270 °C. The acoustic mode present at 8.88 kHz is one of the predominant modes of ;.
However, the behavior of PA signal, in case of S} is very different from other samples. First, it
does not have any melting temperature consequently; the sample underwent a phase transition
from solid to vapor at 215 °C, which is also the decomposition temperature. The intensity of PA
signal is constant at ~6.0 mV up to 160 °C. After that a sharp rise is observed and it reaches up
to 12.12 mV at 215 °C. However, beyond 270 °C range i.e. there was no change in the
temperature for more than 15 minutes time. Even though the sample was heated continuously,
after that vapor was allowed to enter the PA cell. Then a drastic increase in the strength of PA
signal was observed, which reaches to maximum value i.e. 275.0 mV along with the presence of
some new and strong acoustic modes as shown in the inset of Fig. 3.2(c). The pair of peaks of
new acoustic modes is located at 3.08, 3.96, 5.74, 6.38, 9.6, 10.2, 12.92, 14.6, 16.22, 18.42, and
23.4 kHz frequency domain. This phenomenon indicates that §; has critical decomposition
temperature, which lies beyond 270 °C. The presence of new strong peaks of comparatively
lower frequencies as compared to the peaks and shifts in the frequency of acoustic modes
towards lower range confirms the formation of new gaseous products [34]. Fig. 3.2(h) shows the
PA spectra of S, for 266 nm carried out in the span of 70-350 °C. At 209 and 300 °C, higher PA
signals are obtained which is similar to the 532 nm based PA spectra, it has highest PA signal at
300 °C. It is 91 °C more than the decomposition temperature. The strength of the PA signal is

high due to free release of a high quantity of NO, along with other byproduct gases.
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Figure 3.2: Thermal PA spectra of 51, S2, 53, 54, and Ss for (a-¢) 532 nm and (f-j) 266 nm.
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3.3.4. Thermal PA spectra of S

Fig. 3.2(d) shows the 532 nm based PA spectra of S, recorded between 30-310 °C range. The
strength of the PA signal varies between 0.45-14.5 mV range. The PA spectra has a high intensity
at 90 °C (T,,) and 100 °C, respectively, rather than decomposition temperature (T;: 170 °C); at
remaining temperatures the strength of PA signal has very small value. The maximum intensity
of acoustic mode at T, was 4.0 mV, which is located at 12.8 kHz. The predominant acoustic
mode for §, is located at 9.5 kHz at T, , whereas it is shifted to 12.8 kHz at T. The predominant
order of acoustic modes varies due to the change in the concentration of released gaseous
molecules as a function of vapor temperature.

Fig. 3.2(1) depicts the thermal PA spectra of sample §, using UV 266 nm between 40 and 220
°C range. The PA spectra has highest PA signal peak at T, (80 °C) and T, (170 °C), respectively.
The maximum intensity of PA signal is observed for §, at its melting temperature for 532 nm
and 266 nm wavelengths. It clearly indicates that §, is thermally stable during the entire pyrolysis

process.

3.3.5. Thermal PA spectra of S

Fig. 3.2(e,j) shows the thermal PA spectra of S produced by excitation wavelength 532 nm and
266 nm, respectively. The acoustic modes in PA spectra of 532 nm forms a cluster between 8-16
kHz frequency range, which is endorsed to NO, fragments, released at different temperatures.
Moreover, the strength of the PA signal at different temperatures appears to be quite similar with
an equal shift in the frequency of acoustic modes. Therefore, it confirms that the generated
acoustic signal using 532 nm is contributed by NO, only. In addition, other gaseous fragments
released during the process of thermal decomposition induce a change in the vapor density of
the PA cell. As a result, there is a shift in frequency of the acoustic modes. However, when the
compound vapor is irradiated with 266 nm, a strong PA signal was perceived with variable
intensity, but there is no shift in the frequency of acoustic modes with respect to temperature.
During pyrolysis, the majority of the gaseous products released by 5, have strong absorption at
266 nm. Therefore, it is considered that the total gas mixture is responsible for the generation of
the resultant PA signal.

The predominant order of acoustic modes varies for 532 nm based excited modes, whereas it
does not change in 266 nm case on temperature, as shown in Fig. 3.2(e) and Fig. 3.2(j),
respectively. This clearly indicates the PA signal generated due to the contribution of NO,
molecules and total molecule vapor for the excitation 532 nm and 266 nm, respectively. Fig.
3.2(j) shows the PA spectra at 256 °C has high intensity and a maximum number of acoustic
modes. Because 256 °C is the T, of S, due to the release of a lot of gaseous molecules as well as

these molecules, have strongly absorbed 266 nm.
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3.4. Comparative fingerprint spectra

Fig. 3.3 (a-e) and 3.3(f-j) show comparative fingerprint spectra of 5, 5, 55, 5, and S, at 7= 1 ms
for 532 nm and 266 nm, respectively. The provided spectra in Fig. 3.3 are where the compounds
possess highest strength of the PA signal in the region of 30-350 °C. Inset figures show the
corresponding time domain signal of the molecules. It is observed that the time domain signal of
S is saturated as shown in inset of Fig. 3.3(a). However, its intensity is less than §, §;and 5, even
the time domain signals of these compounds does not show saturation behavior. The 532 nm
based PA spectra occupy the 0-25 kHz range while it is extended to 0-40 kHz range for 266 nm.
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Figure 3.3: Comparative fingerprint spectra of S1, 52, 53, 1 and Sgat t = 1 ms, (a-¢) 532 nm (f-j) 266 nm.

Table 3.3 shows the excited acoustic modes of the compounds. The highest intensities for .5,
S, 85 S, S, are obtained at 12.5, 8.9, 8.8, 9.4 and 8.7 kHz, their corresponding intensities are
37.9, 302.8, 50.5, 161.2 and 20.9 mV, respectively. The strength of PA signals from lower to
higher order follows §,<§,<§;<§,<§,. For 266 nm based PA spectra; the acoustic mode
frequencies and their corresponding order of predominant modes for each compound are
identical between 30 and 350 °C temperature range. The only difference is the variation in the
strength of their corresponding PA signal. Moreover, the concentration or density of HEMs
vapor mixture varies from sample to sample as a function of temperature, resulting considerable
change in the intensity of the PA signal. However, the shift in frequencies of acoustic modes and

excitation of different modes are clearly seen in 532 nm based PA spectra. It is observed that
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very low incident laser energy is sufficient to generate a significant amount of PA signal at UV
266 nm wavelength. The full width at half maxima of excited acoustic modes for 266 nm is lower
than the 532 nm. This is only possible when the total vapor is responsible for the generation of

the acoustic signal.

Table 3.3: Excited acoustic modes and corresponding intensities at #= 1 ms (Bold font represent a predominant
acoustic mode of the PA cavity).

532 nm Acoustic modes in kHz, PA signal (mV)
Si kHz: 31 88 95 125 148 152 159 16,5 19.8 222 235
mV: 67 88 287 379 3.0 6.1 95 89 173 73 1.62
Ay kHz: 31 39 89 127 143 153 16 17.7 21.8
mV: 574 129 3028 60.8 26.8 73.3 21.6 20.4 19.0
5 kHz: 3.1 88 94 126 152 159 175 213
mV: 86 505 137 98 132 74 41 87
Sy kHz:31 39 89 9.4 121 128 147 157 162 189 22.0
mV: 277 79 773 1612 67.6 102.6 31.3 20.1 140 36.2 18.1
S6 kHz: 29 81 87 10.6 118 135 145 16.6 173 20.2

mV: 148 19.7 209 38 17,5 191 275 56 123 1.5
266 nm Acoustic modes in kHz, PA signal (mV)

S kHz: 3.1 4 85 94 146 158 18.6 284
mV: 435 784 475 115 501 59 184 45.6
AY) kHz:3.1 39 8.2 119 144 183 230 279 310
mV: 41 3.0 1.1 1.2 127 1.3 1.1 22 09
83 kHz: 31 39 85 146 157 186 219 283 39.1
mV: 1053 159.4 133.2 103.8 9.3 30.9 49 89 58
84 kHz: 3.1 3.9 85 14.6 157 186 220 283 344 39.1
mV: 1923 1523 1423 992 7.5 204 56 558 33 51
Ss kHz: 3 39 84 146 185 219 283

mV: 35 28 15 48 1.6 0.8 1.9

3.5. PA: TG-DTA analysis

Fig. 3.4 show the behavior of acoustic modes for excitation wavelengths 532 nm and 266 nm,
and TG-DTA curves with respect to temperature for 5, S,, S5, 5, and S respectively. Initial
weight (I) the compounds §;: 2.235 mg, §,: 3.643 mg, S;: 3.391 mg, §,: 3.912 mg and S: 2.379
mg were used to record TG-DTA curves. The heat flow curve of TG-DTA technique provides
the T, and T, of the compounds, which are incorporated in Table 3.4. The reported benzyl

series 1,2,3-triazole derivatives were decomposed in the range of 140-320 °C.

Table 3.4: Comparison of between TG-DTA and PA acoustic results

Maximum intensity of
Sample TG-DTA PA signal obtained at T
(°C), in case of

Tw(°C) | Ta(C) |532nm | 266 nm
S, | 1450 | 25652 | 145, 225 | 145
S, | 13112 [31212 [ 130,310 | 200,330
5, 209.23 215 209
S, 9013 1700 | 90,170 80,170
S, | 19545 [25652 | 70,200 256
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Figure 3.4: Behavior of acoustic modes vs temperature for 532, 266 nm wavelengths and TG-DTA curves for i,
52, S3, S4and S,—l

The compound §, has T, and T, at 145 °C and 225 °C. The weight loss curve of TG-DTA data
as shown in Fig. 3.4(c) clearly indicates that S, is thermally stable up to 200 °C, and shows the
residual mass percentage 32.88 %. Moreover, the heat flow curve linearly decayed. However, in

the case of 532 nm as shown in Fig. 3.4(a), the predominant acoustic mode present at 8.9 kHz
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frequency shows periodic variation with respect to temperature. It was observed that S, releases
less amount of NO, at each temperature starting from 60 °C onwards. The periodic variation in
the strengths of PA signal demonstrates the rearrangement of molecular groups present in the
sample that ultimately control the free release of NO, molecules. Whereas, as shown in Fig.
3.4(b) for 266 nm, the strength of PA signal has the highest value at 150 °C (T,,=145 °C) which
indicates that the density of released vapor is high at this temperature. After crossing this
temperature, the tendency of PA signal curves shows a decrease even at 215 °C which indicates
that the concentration of other gaseous molecules are low, and have strong absorption in 266
nm range. Whereas, 532 nm based PA signal curves show periodic increment in their intensities.
It means that 5, released systematically by NO, molecules than other molecules.

In case of S, for 532 nm, the mode 8.89 kHz has maximum peaks at 130 °C and 310 °C, as
shown in Fig. 3.4(d). While, Fig. 3.4(e) shows the highest PA signal obtained at 330 °C for 266
nm. The weight loss curve shows that the compound does not lose much of its weight up to 220
°C, and there was a drastic change in the weight loss (~52 %) between 220-325 °C range. After
that, it shows exponential decay behavior and gives 25.92 % of residual weight at 500 °C.

Fig. 3.4(g), 3.4(h) shows for S; the maximum intensity peak at 215 °C and 209 °C, respectively;
this is the decomposition temperature. In Fig. 3.4 (i) the first kinks of heat flow curve located at
209.23 °C represent the T,. It shows that S was decomposed without melting. While, weight loss
curve clearly demonstrates that the sample lost its weight linearly with respect to a small change
in the temperature, which continues up to 170 °C. The sample lost its weight drastically between
170-220 °C range. Thereafter, it showed linear decay between 220-450 °C range and becomes
saturated beyond 450 °C, which provides residual mass percentage ~ 30.79%.

Similatly, in case of §,, 9.5 kHz mode has maximum intensity peaks located at 90, 100 °C,
while 12.8 kHz has a maximum peak at 170 °C as shown in Fig. 3.4(j). Whereas Fig. 3.4(k) shows
two highest PA signal peaks at T, (80 °C) and T, (170 °C). It clearly indicates that S, is thermally
stable during the process of pyrolysis. The heat flow curve of §, as shown in Fig. 3.4(I), other
than T, and T, it has some exothermic kinks located at 275 and 325 °C that represents the
multiple decomposition points. Also, weight loss curve of S, loses only 4% of weight up to 140
°C, and beyond this temperature, it is rapidly lost, which finally provides the residual weight
percentage ~29.68%.

Due to large variation in the melting (< 91 °C) and decomposition (> 170 °C) temperatures,
the compound S, can be useful as melt-castable explosive. Fig. 3.4(m) shows for §, the excited
acoustic modes for 532 nm at different frequencies, which have their initial peak at 80 °C. The
PA predominant mode present at 14.6 kHz has two peaks at 80 °C and 140 °C and their
corresponding intensities are 5.3, 4.3 mV respectively. These two peaks reveal the information
regarding the systematic release of NO, from S during decomposition. However, in the region

of 200-350 °C, there is no considerable change in the strength of PA signal of acoustic modes
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located at 10.3, 11.8 and 13.3 kHz. This clearly indicates that §; does not release a more quantity
of NO, molecules even at T, and T,. Therefore, it can be treated as a thermally stable compound
up to 350 °C. However, in case of 266 nm for §, as shown in Fig. 3.4(n), the highest PA signal
strength is obtained at 256 °C (i.e. T,). Moreover, the strength of the PA signal is almost identical
for 140, 200 and 320 °C. It reveals that the density of the released gaseous molecules with respect
to temperature remains constant and confirms that S, is thermally stable. The weight loss curve
shown in Fig. 3.4(o) indicates that the S is thermally stable up to 225 °C. However, there is a
rapid change in the percentile of weight and it became 91 to 48 % in the range of 225-274 °C.
Measured weight of the residual amount of the compound obtained at 500 °C is 0.7415 mg,

which is around 31.17 % of the initial weight.

3.6. Evaluation of stability and efficiency of S,, S,, S;, S, and §; as rocket fuel

The thermal stability of the compounds and their efficiency as rocket fuels were evaluated based
on, ratio of residual weights to the maximum PA signal, positions of principal functional groups,

thermal quality factor, data acquisition time and incident laser energy.

3.6.1. Evaluation based on ratio of residual weight to maximum PA signal

The area of each sector of the pie chart of Fig. 3.5(a, b) shows the stability percentage of 5}, 5,
S5 5, and S,. The stability of these compounds is defined by the ratio of their residual weight
(R,) obtained from weight loss curve and corresponding maximum PA signals obtained at 532
nm, # = 1 ms and 5 ms, respectively. The I, K, and highest strength of PA signals for the
compounds are comprised in Table 3.5. The stability criteria in terms of area percentage of each
sector in pie charts show the order as §;>5,>5,>5,>5,. The intensity order of PA signals also
follows the similar order, without considering the residual weights. The stability order of these
compounds with 266 nm wavelength follows the similar order as reported using 532 nm. This is

explained in detail in the following thermal quality factor section.

Table 3.5: Initial, residual weights and obtained the higher strength of PA signals (at 532 nm) of the samples.

TG-DTA PA signal (mV)
Samples
Iy (mg) Ry (%) t=1ms t=>5ms

2.235 32.88 37.5 6.5

3.643 25.92 300 15.3
8 3.391 30.99 70 12.15
S 3.912 29.68 160 14.52
Ss 2.379 31.17 27.5 4.5
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11.2%

6.82%

41.63% 37.92%

16.16% 13.88%

32 220/ 27.71%
(a)t=1ms (b) t=5ms
Stability order of the compounds

Residual weight (%) / PA signal (mV)

Figure 3.5: Stability order of the compounds at (a) t = 1 ms (b) t = 5 ms for 532 nm.

The stability of these molecules further compared based on the positions of functional groups (-
OCH; and -NO,) on the ring structure. For example, it is monitored that §, is more stable than
S5, 55 and S, The -NO, groups are located at 2- and 3-positions on the benzyl ring whilst, the
triazole moiety was inserted at the 1-position of the benzyl ring in the structure of ;. The
structural bonding shows that 1-position of triazole and 2-position -NO, are strongly attached to
the benzyl ring. However, another -NO, which is located at 4-position of a benzyl ring is weakly
bonded. As a result, S| releases small quantity of -NO, at the time of heating which may be
attributed to 4-position -NO,. Next, .5, is less thermally stable as compared to S}, S;and §, owing
to their -NO, groups which are attached to 3-and 5-position on the benzyl ring and both are
equally one position away from the triazole ring. Therefore, while heating, the energy
contribution comes from both positions of -NO, groups. Consequently, total released amount of
NO, is much higher than the remaining samples. Similarly, the molecules §; and §, have similar
kind of structure except the position of a methoxy group, which is located at 2- and 4-positions,
respectively. However, the positions of -NO, groups are same and located at 3- and 5-positions
of the benzyl ring. Based on our thermal analysis S5 appears to be more thermally stable than §,.
In the case of §,, the -OCH, group is present in 4-position of the benzyl ring and equally away
from the neighboring -NO, groups. While, in the case of S, although one -NO, group is
adjacent to a -OCHj; group, the another one is located at 5-position which is far away from the
methoxy group and liable to release free -NO, at the time of heating.

S, is the improvised version of §; (S, is isomer to ;) that has an additional NO, group. As a
result, the T, of S is 50 °C higher than 5| and §,. The T, of 5, 5, and §, are observed at 145.0,
131.12 and 195.46 °C, respectively. However, the T, of S, lies between §; and S, i.e. at 256.62 °C.
The ratio of the residual mass to the PA signal for §, §; and §, at E,,= 5.25 m] and #= 5 ms are
estimated to be 5.88, 5.05 and 1.69 % / mV, respectively. Therefore, from above values, S has a
higher ratio that confirms it to be more thermally stable than 5, and §,. From the study of PA
technique combined with TG-DTA analysis, the efficiency of these compounds as rocket fuels

are estimated to be in the order of 5,>5,>5,>5,>..
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3.6.2. Evaluation based on Thermal quality factor

The quality factor ‘Q’ is defined as the ratio of the energy stored in PA cavity to the energy lost

by the gas molecules per cycle. The mathematical expression for quality factor is given by

Q :A_“;. 3.1

Where, w and Aw are the central frequency and full width at half maximum (FWHM) of the
excited acoustic modes.

Fig. 3.6(a-¢) and 3.6(f-)) shows the Lorentz fits of one of the sharp, intense peak and for
different temperatures with 532 nm and 266 nm, respectively. The approximate central
frequency of the acoustic mode is shown on X-axis of the respective figures. Fig. 3.6(a-¢) clearly
shows that the central frequency of the acoustic modes vary with respect to the temperature
while it is a constant in the case of Fig. 3.6(f-j). This is due to the selection of excitation
wavelength and is associated with the change in concentration of released NO, and other
byproducts.

The quality factor ‘QQ’ is directly proportional to w of the acoustic mode. Therefore, high-
frequency acoustic modes of PA spectra give a higher quality factor. In addition, higher data
acquisition time leads to high quality factor because the gap between the two adjacent data points
of PA spectra is lower (i.e. provides low Aw). From Eq. 3.1 it is clear that lower Adw value
provides high-quality factor. Therefore, for evaluation of quality factor of PA cavity it is
necessary to select the fixed data acquisition time and considered the common approximate
acoustic mode at different temperatures. Here, # = 5 ms, is fixed in case of 532 nm PA spectra
while #= 1 ms used for 266 nm PA spectra except for 5. We have selected # = 0.5 ms for S, to
record the thermal PA spectra. Because the resolution of PA spectra is weak at higher data
acquisition time, which is due to thermal stability of §;, and concentration of released molecules
are low. The obtained quality factors of the compounds at reported excited modes in the domain
of 30-350 °C are comprised in Table 3.6. The highest QQ values are obtained either at T, , T}, or
after T, of the compound. Table 3.6 show in case of 266 nm wavelength the highest quality
factors are achieved at compounds melting temperature. However, in the case of 532 nm
highest quality factors are obtained at either of T, , T, and after crossing the T, because the
generation of acoustic signal solely depends on NO, molecules.

Fig. 3.6(a-¢) shows the profile of Lorentz fits of data points of acoustic modes for 532 nm
and also highlight the stability criteria of these compounds regarding their FWHM. For example,
the value of FWHM for S, S,, 55, 5, and S at their respective melting temperature are 308, 183,
203, 202 and 229 Hz, respectively. Therefore, one can easily infer that samples, which have a
broader profile, are more thermally stable. For example, the stability profile of compounds are

given by S>5,>5,>5,>S5,. Hence, S can be treated as more stable in nature, and releases less
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amount of NO, and is less efficient as a fuel. However, §, is comparatively less

stable, which

releases more amount of NO, and is treated as a more efficient rocket fuel.
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Figure 3.6: Lorentz fit of sharp intense modes at (a - €) 532 nm (f - j) 266 nm for 51, S2, 53, S4 and S,

respectively.
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Table 3.6: Quality factors of the compounds.

Samples 532 nm 266 nm
S1 | T: 40 80 115 130 145 190 220 250 280 310 350 150 230 280 340
Q: 12 57 62 53 29 24 36 58 60 43 57 66 20 34 39
S [ T: 50 90130 200 220 270 310 60 140 200 312 330
Q: 59 44 48 59 44 58 50 43 27 60 47 42
S3 | T: 30 50 65 120 165 215 240 255 70 120 180 209 250 300
Q: 64 61 56 78 49 58 53 55 28 35 24 26 59 40
Sy | T: 40 90 100 170 200 215 255 285 40 60 80 130 170 220
Q: 25 59 55 30 33 24 25 24 52 52 61 52 52 52
Ss | T: 30 50 70 80 140 190 280 330 200 256 320
Q: 31 29 32 22 27 38 33 24 76 82 80

Similarly, Fig. 3.6(f-j) shows the Lorentz fits of data points for 266 nm at # = 1 ms for other
compounds while 0.5 ms for ;. The number of data points for 266 nm is less than 532 nm
spectra. Because 532 nm spectra are recorded at higher time scale i.e. at # = 5 ms. The gap
between two data points for # = 0.5, 1, 2.5 and 5 ms are 200, 100, 40 and 20 Hz, respectively.
The quality factor of §; is higher than §,. It is clearly observed that §, has high-quality factor
values as compared to S,. The incident laser energy, which is used for §, and S; is comparatively
higher than 5., §,, and S,. Therefore, it is assumed that §; and S show high Q-value as compared
to the Q-values of S, and §,. However, it is observed that high Q- values obtained in the case of
S, and S,, which implies that §, and S, are less stable as compared to that of S, and §;. The
quality factor for S, at 532 nm is comparatively lower than other compounds, while 266 nm
values are high, which is due to lower data acquisition time. However, all individual compounds
show lower, and constant quality factors as a function of temperature that reveal the thermal
stability of the compounds. The stability order of the compounds ascertained by Q-value is of

the order of §>5,>5,>5,>5,.

3.6.3. Evaluation based on Data acquisition time

Fig. 3.7(a, b) exhibits a normalized intensity of one of the predominant acoustic modes for the
compounds as a function of data acquisition time for 532 nm and 266 nm wavelengths
respectively. The excited acoustic modes of the compounds decayed exponentially on data
acquisition time. The stability criteria of the compounds can be explained regarding decay time

obtained from the first order exponential decay equation i.e.

X

Y=Y, +A et (3.2

Where, y,, A, % (exponetial decay time of acoustic mode with respect to data acquisition time)
are the fitting constants which are comprised in the Table 3.7.

The stability of the compounds can also be explained in terms of the constant values i.e. #

and A, obtained by exponential fit. The values of decay time of the compound follow the order

for 532 nm is 5,<5,<5,<S,<S,, while for 266 nm it is §,<S,<S,<5,<S,. Almost in both cases the

values of decay times follow a similar order. The highest decay time and lower 4, values can be
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achieved at wherever the response of PA signal is high. This is possible only when the
compound releases higher concentration of gaseous molecules. Therefore, that particular
compound can be treated as a low thermally stable and highly resourceful as a rocket fuel.
Whereas thermally stable compounds have higher values of .4, and lower decay times. The non-

radiative decay time of sample does not vary as a function of #and E,

md

but these parameters are
responsible for the difference in the amplitude of time domain PA signal. As a result, there is a
change in the intensity of acoustic modes. Therefore, exponential decay behavior of acoustic

modes with respect to the data acquisition time reveals the stability order of the compounds.
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Figure 3.7: Decay behavior of acoustic modes of compounds w.r.to data acquisition time (a) 532 nm (b) 266 nm.

Table 3.7: Fitting constants of y,, Ajand #,

532 nm 266 nm
Samples Vo A h Yo Ay h
S -0.032 4.202 0.698 -0.0003 7.338  0.501
AY) -0.022 2.651 1.049 -0.1035 1.993  1.690
53 -0.082 3.351 0.832 -0.0410 2336 1.237
Sy -0.015 2.887 0.956 -0.0133 2989 0924
86 -0.0003 7.461 0.497 -0.0019 4750  0.642

3.6.4. Evaluation based on Incident laser energy

The incident laser energy based study at 532 nm for different excited acoustic modes of ), S,, S5,
S, and S are carried out at 145, 310, 215, 90 and 190 °C respectively. The selection of these
temperatures is based on their either T or T). The strength of PA signal for §; is comparatively
lower than the other compounds due to its high thermal stability. Therefore, the behavior of
acoustic modes for this compound is shown in the inset of Fig. 3.8. The intensity of acoustic
modes for §,, S5, S, and S, possess cubic polynomial growth, whereas §; shows linear growth.
The compounds 5, S5 and §,, show linearity up to 8.13 m] laser energy while 5, shows linearity
up to 5.6 mJ only. After that, these compounds show exponential growth with higher incident

laser power. However, none of these compounds shows saturation. It confirms that freely
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released NO, molecules produced by these samples are responsible for higher PA signals. The
predominant order of acoustic modes varies with respect to incident laser energy, but the central
frequency is unaltered. For §, and S, at initial energy i.e. 3.82 m] the intensities are 6.6 mV (at 7
=1 ms) and 5.12 mV (# = 5 ms) respectively. However, §| has the almost similar intensity to S;.
In spite PA signal of 5, is recorded at lower data acquisition time. This indicates that §, is more
stable than ;. From Fig. 3.8, the intensity of the PA signals obtained as a function of incident
laser energy follows §,>5,>5,>5,>S,. This clearly supports the order of the compounds as

rocket fuel.
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Figure 3.8: PA signal vs incident laser energy at 532 nm wavelength.

3.7. Conclusions

The thermal PA spectra of benzyl series 1H-1,2,3-triazoles were successfully recorded using
visible 532 nm and UV 266 nm wavelengths. The results of PA spectra are compared with TG-
DTA technique to understand the thermal stability of HEMs. The PA fingerprint spectra of the
compound were shown in terms of excited acoustic modes and their corresponding strength of
PA signal, which solely depends on the released quantity of gas molecules during pyrolysis
between 30-350 °C range. The stability mechanism, and efficiency as a rocket fuel of the
compounds have been ascertained based on the studies of PA and TG-DTA techniques, data
acquisition time, incident laser energies and thermal quality factor ‘Q’ of the PA cavity
irrespective of the incident laser pulses. The PA and TG-DTA analysis show that stability of the
compounds follows the order of S>5>5,>5,>5,. The efficiency of these compounds as a
rocket fuel was follow the order of §,>5,>5,>5,<S| for efficient rocket fuels. Finally, concluding
that the study of energetic materials using pulsed photoacoustic pyrolysis technique with UV 266
nm and visible 532 nm laser wavelengths reveal their thermal stability, decomposition, and

efficiency as a rocket fuel.
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Chapter 4

Phenyl-series 1, 2, 3-triazoles: Study of thermal

decomposition, stability and absorption cross
section

Abstract

In this chapter, the thermal stability, decomposition and acoustic fingerprint spectra for some of the
phenyl series 1,2,3-triazoles labeled as S, S, S and bis-series compound S, using 532 nm and 266
nm wavelengths have been examined. The study shows that phenyl series triazoles are more
thermally stable compared to 1,2,3 benzyl series triazoles. Therefore, phenyl series releases low
quantity of gaseous molecules. Therefore, higher incident energy is required for recording the PA
spectra as compared to 1,23 benzyl series triazoles. Also, ascertained molecular density and
absorption cross sections of S and S, using 532 nm wavelength. The study also shows that the

position of -NO, groups decides the thermal stability of isomers (i.e. S5 and 5,).
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[3] K. S. Rao and A. K. Chaudhary, Thermochim. Acta. 2016, 638,17-24.
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4.1. Introduction

Synthesis of new triazole-based energetic materials are one of the focused areas of current research,
these materials are widely used for both military and civilian applications due to their thermal
stability, high performance [1-5]. The aromatic triazole moiety enhances the thermal stability of a
molecule and reduces its sensitivity. Furthermore, the nitro (-NO,) group significantly contributes
towards improving the detonation performance of a molecule. Therefore, the synthesis of novel
molecular entities containing the triazole moiety, -NO, group attracted to many research groups for
their potential use as rocket fuels, gun propellants and civil explosives [6-11]. Several research
groups demonstrated various theoretical and experimental techniques to study the thermal
decomposition, stability and performance of different types of energetic materials [12-17]. The
present study has been focused on the use of the pulsed photoacoustic technique to examine the
decomposition, stability, and efficiency of several newly synthesized HEMs using UV-visible
radiations as an excitation source [18-21].

The reported compounds such as 1-(2-methoxy,-3,5-dinitrophenyl)-1H-1,2,3-triazole (§), 1-(3-
methoxy, 2, 6 dinitrophenyl) 1H-1, 2, 3 triazole (§), 1-(4-nitrophenyl)-1H-1,2,3-triazole (§;) and
2,6-bis ((4-(nitromethyl)-1H-1,2,3-triazol-1-yl)methyl) pyridine (§;) were synthesized by Sudheer
Kumar et al [22]. Among these, S5, S, S; are phenyl-series derivatives while S, is bis-series
compound. However, S5 and 5, are isomers that have same molecular formulae (C,H,N,O) with
different structures i.e. the positions of major functional groups -NO, and -OCH; are different. The
compound Sy has one -NO, group attached at the para position of the phenyl ring whereas in the
case of Sy; two -NO, groups are present at end positions of heterocyclic -CH, groups. The structure
of the compounds as shown in Table 4.1 clearly shows the positions of major functional groups.

Our study reveals the significant information about release of NO, and other of gaseous
molecules in multiple steps. It also shows that the phenyl and bis-series triazoles release less
quantity of NO, compared to the benzyl series. Therefore, higher incident laser energy is required to
record thermal PA spectra, which directly indicates that the phenyl series 1H-1,2,3-triazoles are more
thermally stable than benzyl series 1H-1,2,3-triazoles. In addition, using Beet’s Lamberts law, we
have quantified the NO, molecules released due to thermal decomposition of g and S, in terms of
number density and absorption cross sections at different vapor pressures. Study is also carried out
to understand the effect of the vapor pressure of released NO, at decomposition temperature. The
experimental results shows that NO, released from S and S, have similar transmission, absorption
cross section, and number density. It once again confirms that radiative and nonradiative techniques

are complimentary to each other.
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Table 4.1: Structure, formula and energetic properties of compounds.

Sample | Structure Formula P VOD DP AH¢
gm/cm? km/s GPa kJ/mol
S5 /=\”3°°? NO, CoH7N;505 1.57 6.34 16.41 253.5
NA‘N'N
NO,
Sio i ©N CoH7N505 1.58 6.40 16.82 263.1
JN_N
O,N (
OCH,
Ss N’%\N CsHeN4O2 1.48 5.13 10.33 383.2
i O
S NS W Ci3H13NoOy4 | 1.49 5.75 13.05 585.7
0 er | v hi‘)jno
2 2

4.2. FTIR spectra of compounds

Fig 4.1 shows the IR spectra of compounds confirming the presence of principal functional groups.
The inset figures shows the line bond structure of the reported 1,2,3-phenyl and bis-series

compounds.
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Figure 4.1: FTIR spectra of the compounds (a) S5 (b) S10 (c) S5 and (d) So.
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4.3. Study of thermal stability and absorption cross-section of S; and S, using

532 nm
4.3.1. Temperature based PA spectra S and S

The temperature and pressure based PA spectra of compounds were recorded at incident laser
energy 7.0 m] and data acquisition time 0.5 ms. The effect of incident laser energy was studied
between 7.0-16.7 m] range [19]. It reveals that phenyl series 1,2,3-triazoles are more thermally stable
than benzyl series 1,2,3-triazoles. Therefore, higher incident laser energy and lower data acquisition
times were used to record the PA spectra of phenyl series 1,2,3-triazoles. The initial quantity of S
3.279 mg and S,: 3.637 mg were used to carry out the TG-DTA analysis.

Fig. 4.2 (a, d) shows the thermal PA spectra for S and S,. The intensity of acoustic modes in PA
spectra illustrates the concentration of thermally released NO, gas molecules as a function of vapor
temperature. Higher concentration of NO, is observed at their melting and decomposition
temperatures. The PA cell has multiple eigenmodes; some of these modes are resonant with the
acoustic modes produced by the NO, molecules due to non-radiative decay. It is observed that 9.0
and 12.6 kHz modes have higher intensities for S and S,. The excited acoustic modes for thermal
PA spectra of §; and §, recorded at 95 °C and 225 °C are shown in Table 4.2, which have £ 400 Hz

deviation on their central frequency.

Table 4.2: Excited acoustic modes f(kHz) and corresponding strength of PA signal I (mV).

Ss, f 30 36 82 90 11.8 162 202 23.6 30.6 394
7=95 °C I 143 023 1.17 554 254 1.18 298 0.64 041 0.5
S, f 30 806 126 150 182 22.0 28.6 33.6 37.8 42.6 46.0 50.8

7=225 oC I 519 2.65 10.7 1.58 282 6.21 81 335 240 122 157 149

Fig. 4.2(b) shows the behavior of acoustic modes with respect to temperature for S, The
intensity of acoustic modes shows two strong peaks at 95 and 260 °C, these temperatures are near to
the T/, and T, of S, whereas all excited acoustic modes shows similar behavior except variation in
their amplitude. In addition there is another set of peaks appeared at 260 °C and 350 °C. However,
overall strength of the PA signal of all acoustic modes except the mode at 11.8 kHz remains
constant between 95-350 °C range, which confirms that Sy is thermally stable also confirming the
process of thermal decomposition completed in multiple steps. First batch of NO, is released at 95
°C, and then later batch releases in two steps at 260 °C and 350 °C. The weight loss curve shown in
Fig. 4.2 (c) exhibits that Sy is thermally stable up to 190 °C. Sy decomposed from 96 to 1.62 % of
initial weight between 190-260 °C range and totally decomposed between 260-500 °C range. In Fig.

4.2(d) the acoustic mode located at 3.0 kHz show linear growth between 70-310 °C range, but
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remaining all other modes show similar behavior with respect to temperature. S, releases high
quantity of NO, and other gaseous byproducts after crossing the decomposition temperature. As a
result, the PA spectra occupy 0-50 kHz range and have at least two acoustic modes in each 10 kHz
range. The acoustic mode present at 12.6 kHz shows saturation behavior between 225-320 °C range.
Fig. 4.2 (f) shows the TG-DTA curves S,, which confirms the process of decomposition start at 100

°C. However, actual process of decomposition starts due to dissociation at 120 °C and reaches to

maximum at 150 °C.
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Figure 4.2: Thermal PA spectra, intensities of acoustic modes, TG-DTA curves of Sg and So.
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The heat flow curve of S, shows that it has T, and T, at 118.51 °C and 149.41 °C, respectively. The
weight loss curve shows that S, decomposes in multiple steps between 100-500 °C range. The
thermal zones occupy between the range of 100-250 °C, 250-380 °C, and 380-500 °C. Fig. 4.2(e)
shows that §, decomposed rapidly between the melting and decomposition temperatures region i.e.
100-250 °C. As a result, the strength of PA signals starts rising between 100-250 °C range. The
residual amount of §, at 500 °C is obtained around 30 % from original quantity of the compound.
Therefore, overall combined results obtained from PA and TG-DTA techniques confirm the

thermal stability of S and S, which follows the multiple step thermal decomposition.
4.3.2. Pressure based PA spectra of S and S

Fig. 4.3(a,b) shows the pressure based PA spectra of S; and S, respectively. However, the
compounds have different structures, but excited acoustic modes occupy almost similar frequencies
between 0-25 kHz ranges. The excited acoustic modes for S are located at 2.8, 8.4, 11.4,1 3.8, 15.8,
20.2, 24.4, 26.4, 28.2, 29.8, 32 and 33.4 kHz, while for §, are present at 3, 8.6, 11.4, 13.6, 15.6, 18,
19.8, 23, 206, 29.2, 32.2, 45.6 and 52 kHz, at P = 500 Torr.
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Figure 4.3: Pressure based PA spectra of compounds (a) Ss, (b) So.

The compounds S and S, are heated up to 200 °C and 150 °C, respectively, at different pressures
the released vapor was allowed to enter the PA cell. The variations in the pressure control the
concentration of NO, and other gaseous molecules at given temperature. Therefore, the strength of
PA signal for pressure based PA spectra is higher than the thermal PA spectra of compounds at
their melting and decomposition temperatures. The pressure based PA spectra show that the major
acoustic modes have identical frequencies; while these were different in the case of thermal PA
spectra. The significance of higher order acoustic modes i.e. 25-40 kHz frequency range is present in

the temperature based PA spectra of §,. But, in pressure based PA spectra of S and S, for vapor
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pressure below 200 Torr possess the acoustic modes between 25-40 kHz range. Whereas, for higher
pressures above 250 Torr this frequency range modes disappeared due to the variations in the
concentration of NO, at higher-pressure range. It indicates that at higher pressures lower order
acoustic modes are excited. The insets of Fig. 4.3(a, b) show the behavior of major acoustic modes
with respect to vapor pressure. In PA spectra of §; and S, highest PA response is obtained at 11.4
kHz. It is observed that for both compounds all other excited acoustic modes shows saturation
behavior as a function of vapor pressure. It is known that the higher incident laser energy, as well as

high vapor pressure saturates the PA signal [23].

4.3.3. Number density and absorption cross section of & and S vapor

The number density (#) and the absorption cross section (6) of g and S, are recorded at 200 °C and
150 °C at different vapor pressure.

Number density (n): The number density at a given temperature and pressure can be easily
calculated using the ideal gas law [24,25]

= _F
"~ (KpT)P,

(4.3)

Where, P, (760 Torr) is the atmospheric pressure, T is the temperature of the vapor, Ky is the
Boltzmann gas constant 1.38x10% J/K. Here, the constant 1/K;T is known as Loschmidt number

[26]. The values of Loschmidt number at 200 °C (473 K) and 150 °C (423 K) are 1.53x 10*’ cm™ and

1.71x 10* cm” respectively.

Absorption cross section (0): we have calculated the absorption cross section (o) of Sy and S,

which is a function of transmission (1) can be determined using Beer-Lambert’s law
1
o =~In(7) (4.4)

Where N = #xL is the column density, L is the length of the PA cell, t is the transmission of the
incident laser energy measured at different vapor pressures. Laser energy is measured with energy
meter (EPM2000, Coherent).

Fig. 4.4(a) depicts the number density in cm” and absorption cross section in kilo barn on
different pressure. It is clear that the number density is high for lower temperatures at constant
pressure. The absorption cross section of vapor decreases with increasing the pressure at constant
temperature. However, absorption cross section is directly proportional to the temperature of vapor.
Therefore, o values for S (at 200 °C) are higher than that of §, (at 150 °C). The absorption cross

section values of Sy and S, lies between 0.5 to 6 kb range for 50-600 Torr pressure range.
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Figure 4.4: (a) Number density and absorption cross section of Ss and Sy (b) percentile transmission of laser energy.

Fig. 4.4(b) shows the percentile transmission of incident laser energy for different vapor pressure
of S and S,. The percentile transmission of S, is lower than S, which clearly indicates that 5, vapor
absorbed more laser energy than S vapor. As a result, S, has strong PA signal than S,. The study of
S5 and S, with different vapor temperature, pressure, number density and absorption cross section
using 532 nm reveals that S, is a more efficient energetic material than S. It is ascertained based on
the thermally released NO, molecules from the compounds during the controlled pyrolysis between

40-350 °C range.

4.4. Study of thermal stability and PA spectra isomers using 532 nm
4.4.1. Thermal PA spectra of S5 and Sio

Fig. 4.5(a) shows the thermal PA spectra of §; recorded between 40-350 °C temperature range, at F, |
= 5.25 m] and #= 5 ms. The excited acoustic modes are located at 3.04, 3.2, 8.7, 9.2, 11.4, 12.6, 14.4,
15.5, 16, 18.4, and 21.2 kHz, respectively. The strongest mode is present at 8.7 kHz. The acoustic
modes of thermal PA spectra have £ 100 Hz variation in their central frequency. The PA spectra
clearly show the presence of three sets of paired acoustic peaks between 8-16 kHz frequency range
and intensity of acoustic modes at different temperatures is almost similar. This confirms that freely
released NO, contributes to the generated acoustic signal. However, the presence of other gaseous
fragments leads to a change in the central frequency of acoustic modes. The propagation of acoustic

signal is affected due to the changes in the released concentration of gaseous molecules.

Fig. 4.5(b) shows the thermal PA spectra of 5, using 532 nm wavelength, recorded at /=1 ms,
and E,=14.98 m] between 30 - 340 °C range. PA spectra recorded between 170 - 310 °C range
shows frequency shift towards right-hand side to the central frequency of acoustic modes. The

predominant acoustic mode of the thermal PA spectrum is present at 3 kHz between 30 - 220 °C
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range. However, a shift in the position of 4 kHz mode is observed between 270 - 340 °C range,
which is attributed to change in the density of the gaseous mixture and part of the thermal
decomposition process. The excited PA modes at 170 °C are present at 3, 8.3, 11.2, 12, 14.4, 15.5,
16.9, and 17.9 kHz and their corresponding strengths are 4.18, 0.56, 0.92, 1, 1.31, 2.17, 0.62 and 1.1
mV. However, at 310 °C, the excited PA modes show some shift in the frequency of their actual
position. The new positions occupy at 3.9, 8.2, 9.2, 11.3, 12.5, 14.6, 15.5, and 28.1 kHz and their
corresponding strengths are 21.58, 1.24, 2.89, 1.03, 1.18, 0.806, 1.14, and 2.96 mV. An additional PA
peak observed at 28.1 kHz between 270 - 310 °C range. The PA spectrum recorded at 170 °C has a

predominant acoustic mode at 3 kHz along with some other strong peaks located between 11 - 18

kHz range.
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Figure 4.5: thermal PA spectra of (a) S5 (b) Sio.

The shift in frequencies of the PA signal is observed due to the change in the density of gas mixture
released from 5, at different temperatures. The behavior of thermal PA signal of S is similar to the
benzyl series compound S; (1-(2-methoxy-3,5-dinitrobenzyl)-1H-1,2,3-triazole). The minimum
incident laser energy i.e. E;,=14.98 m] is required to record the PA signal of ,, while for §;, it was
only 3.25 m]J. The strength of PA signal of |, is comparatively lower than the S, even at higher
incident laser energies. This is attributed to the structure of the compound. In the case of §; the
triazole and phenyl rings are connected through —CH, group, while in the case of §), these rings are
directly connected to each other. Moreover, these two samples have common —OCH, functional
group in their structures. But for S5 the -NO, occupies the 3- and 5- position in the phenyl ring,
while, for 5, it is located at 2- and 6- positions and equally away from the triazole functional group.
Therefore, during the process of thermal decomposition 5, releases less quantity of NO, and other
gaseous mixture. Therefore, it concludes that phenyl series triazole derivatives require high incident

laser energy to record the PA signal as compared to the benzyl series. The lower quantity of gaseous
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molecules released from phenyl series triazole derivatives indicates that these are thermally more

stable than the benzyl series derivatives.
4.4.2. Effect of position of NO2 groups on thermal stability of isomers S5 and Sio

The phenyl series 1,2,3-triazole compounds such as 1-(2-methoxy,-3,5-dinitrophenyl)-1H-1,2,3-
triazole (55), 1-(3-methoxy-2,6-dinitrophenyl)-1H-1,2,3-triazole (§,) (shown in inset of Fig. 4.6(a,b))
are isomers, i.e. which have same molecular formulae, but -NO, and —OCH, groups are positioned
at different places on phenyl ring. Therefore, these molecules have different melting and
decomposition temperatures. The melting and decomposition temperatures of §,, are present at
168.91 and 315.35 °C respectively. Whereas S5 has, two decomposition temperatures present at
151.10 and 315.35 °C. Here, we have shown the thermal stability and decomposition mechanisms of
these compounds depends on positions principal functional groups present in the phenyl rings of
1,2,3-triazoles [27]. The study has been carried out as a function of incident laser energy for
understanding the released quantity of gaseous molecules during decomposition process of S5 and
S0

Fig. 4.6(a) shows the PA spectra of S, recorded at 150 °C, # = 5 ms between 3.25-17.5 m], range.
The acoustic modes at 8.6 and 9.1 kHz possess clear-cut separation with an increase in the incident
laser energy i.e. the amplitude of modes increases. However, the acoustic modes present at 12.6 and
14.4 kHz have active profiles without any split. The central frequency of the acoustic modes remains
unaltered, but there is a significant change in the order of predominant modes with respect to the
incident laser energy. In the case of 5, 14.78 m] energy was used to record the thermal PA spectra.
However, for S5 5.25 m] energy is sufficient to record the PA signal. The PA spectra of §, recorded
at T, i.e. at 170 °C and # = 5 ms between 14.78-32.1 m], range, which is shown in Fig. 4.6(b). In the
case of PA spectra of S, at E,, = 14.78, # = 5 ms, some higher order excited acoustic modes are
absent. The acoustic modes show the highest intensity at I, = 32.1 mJ, # = 5 ms. However, Fig.
4.6(a) demonstrates that the lower incident laser energy was sufficient to generate high PA signal
from ;. The strength of PA signal of §; is greater than ), even at small incident laser energy. This is
due to the location of two nitro groups, which are two positions away from the triazole moiety in
the case of S;. While, for 5, they are one position away from triazole moiety. Besides, the methoxy
group for S, is present at 2"-position from the phenyl ring, which lies in the middle of the nitro
group and triazole moiety, while for S, it is present at 3*-position of the phenyl ring and completely
away from -NO, groups to triazole moiety. Therefore, the supplied heat energy initially ceases NO,
from the phenyl ring, which is followed by the methoxy group, and triazole moiety, respectively.

While for §), the NO, groups have strong bonding with phenyl ring than triazole moiety.
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Consequently, a little quantity of NO, is released from the compound during the process of
decomposition. However, S5 releases more quantity of NO, molecules than S, Therefore, at low
incident laser energy i.e. 5.25 mJ as well as # = 5 ms is sufficient to record high PA signal from S..
The present study reveals the efficiency of the isomers (i.e. S5 and S,) as a rocket fuel (§; is efficient
rocket fuel than §,). This is ascertained based on the quantity of released NO, concerning strength
of the PA signal. Therefore, the photoacoustic pyro analysis is treated as one of the potential
analytical techniques to study the performance of newly synthesized energetic materials as a rocket

fuel.
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Figure 4.6: PA spectra of compound vs incident laser energy for (a) S5 (b) S10 at #= 5 ms.

4.4.3. GC-MS spectra of S5 and Sio

The Gas chromatography-Mass spectroscopy (GC-MS) is a well-known analytical technique, which
is used for solids, liquids and gases. It works on the principle of column separation for which the
solid sample is required to be dissolved in a particular solvent. The solid sample heated more than
200 °C introduced to oven along with injector (N, or He). Each gas/component has it own
retention time. Therefore, based on retention times and column condition we can identify the
individual concentrations of released byproducts. The gas chromatic and mass spectra of S5 and S,
are shown in Fig. 4.7 (a,b) and Fig. 4.8 (a,b). GC instrument provided the initial retention time starts
above 3.12 min, and MS instrument starts its mass to charge ratio (m/z) value at 40. The retention
times of some of the gas components are listed in Table 4.2 [28]. GC spectra show the retention
time of some gaseous components such as CO (14.5 min), NO (18.5 min), but not NO, peak
because it is a volatile component its retention time below 3 min. The NO, molecules converted
into NO at atmospheric pressure; because of it the significance of NO, also not able to quantify

with GC instrument. MS spectra confirm that all these molecules occupy their position below 50
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(m/z value), whereas for N,O and CO, (m/z= 44) [29]. The m/z values provided in Table 4.2
shows the significance of NO,, NO, and N,O have one common m/z value at 30 but the employed
instrument begins its value at 40. These spectra were recorded at the temperatures of the injector,

ion source and transfer line maintained at 250, 200 and 260 °C respectively.
Table 4.3: Retention times and m/z ratio of some gases [28,29].

Gas R.(min) Gas m/z

H; 3.0 H>O 16 17 18 19 20
N2 9.5 NO, 14 16 30 46
(0)) 11.3 N2 10 15 16 28 29 30 31 44 45
CcoO 14.5 CO 12 16 28 29
NO 18.8 NO 14 15 16 30 31 32
CH; 255 HCN 12 13 14 15 26 27 28 29
CO; 35.0 CO;, 12 16 22 28 29 44 45 46
NO 384 CH,O 12 13 14 15 28 29 30
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Figure 4.7: Gas chromatic spectra of (a) S5 (b) Sio.
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Figure 4.8: Mass spectra of (a) S5 (b) Sho.

The PA pyrolysis technique is a simple non-destructive in nature, which does not require sample
preparation, and need a very small quantity of solid samples. It provides significant information
about NO, before the melting point. Here, laser excitation wavelength is selected according to the
absorption characteristics of released gas (in our 532 nm for NO,) from the solid material. In
addition, it does not require any purge gas. The PA signal is produced due to non-radiative transition
which is detected by a pre-polarized microphone. This is treated as one of the most sensitive
detection technique and has low-level detection limit of the order of ppb. The GC-MS technique
requires minimum vapor pressure of the order of 10 Torr, whereas PA technique needs vapor
pressure = 1 Torr. Furthermore, the controlled pyrolysis of the compound helps us to monitor the
release of NO, gas at different temperatures. Apart from NO, other gaseous components can also
be identified by the selection of tunable laser wavelengths. Therefore, it confirms that pulsed
photoacoustic technique has superiority over the well-known GC-MS technique.

Unlike GC-MS, the present form of PA technique is not able to monitor the individual
concentrations of byproduct gas molecules released from HEMs during the thermal decomposition
process. However, we can monitor the release of NO, below the melting temperature to study the
thermal stability of energetic materials by selection 532 nm wavelength. The significance of other
byproducts can be identified in terms of shift in acoustic mode frequency. The concentration of
these gaseous fragments changes the density of vapor, as a function of temperature, which affects on

the propagation of generated acoustic signal.
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4.5. Study of thermal stability of S;, S,), S;and S, using 266 nm
4.5.1. Thermal PA spectra S5, Si0, S5, and S

Fig. 4.9(a-d) shows the thermal PA spectra of S5, S}, S5 and S, recorded at E, =10 uJ, # =0.5 ms.
Inset of figures shows the molecular structures. In the thermal PA spectra of S5 lower order acoustic
modes have higher intensities than the higher order modes. The predominant order of acoustic
modes follows the descending order in the acoustic spectra of §;. The mode present at 3.8 kHz is
identified as a predominant mode of the PA cavity, which remains unchanged even for higher
temperature range. Similarly, it is also one of the higher intensity acoustic modes in the thermal PA
spectra of S, while other acoustic modes have comparatively lower intensities as compared to 3.8
kHz mode. This indicates that the released quantity of gaseous mixture leads to excite the first order
longitudinal mode of the cavity than the other modes. The maximum strength of PA signal for §;

and S, at 350 °C is 40 mV and 12 mV respectively.
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Figure 4.9: Thermal PA spectra of (a) S5 (b) S10 (c) S8 and (d) S9 at #=0.5 ms.

Similatly, in the case of thermal PA spectra of S the excited acoustic modes at 3.8 and 13.8 kHz are

predominant in nature along with another mode present at 27.8 kHz. The predominant order of
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acoustic modes is changing with respect to vapor temperature due to variations in the quantity of
released vapor. Consequently, in the thermal PA spectra of S, the mode present at 3.8 is the first
predominant mode while 28.2 kHz is the second dominant one. However, 13.8 kHz is also exciting
simultaneously along with 28.2 kHz mode. This compound has additional small intensity acoustic
modes compared to other compounds. The highest strength of PA signal is obtained at higher

temperature region i.e. 300 °C for Sy, and at 350 °C for other compounds.
4.5.2. Comparative fingerprint spectra of compounds

Fig. 4.10(a-d) shows the PA spectra of S;, 5, S5 and S, recorded at T'= 350 °C, E, ;=10 yuJ, and 7 =
1 ms. Insets of Fig. 4.10 shows the corresponding time domain PA signals. All the compounds
possess similar principal acoustic modes with a small variation in their central frequencies. These
modes are approximately located at 3.8, 8.5, 13.6, 28 and 38.6 kHz. The intensities of excited
acoustic modes and their predominant order vary from compound to compound and depend on
their decomposition process. The entitre HEMs vapor and its byproduct gases have strong
absorption at 266 nm [30]. Therefore, the PA spectra recorded at different temperatures possess
similar acoustic frequencies with variation in their intensity due to released quantity of gaseous
molecules. Thus, the PA spectra are treated as fingerprint spectra of compounds for a particular PA
cell. The excited acoustic modes and their corresponding intensities are listed in Table 4.4. The
acoustic mode at 3.8 kHz in PA spectra at 0.5 ms is splitting into three modes at 3.1, 3.8 and 4.2
kHz, in 1.0 and 2.5 ms PA spectra due to the low separation between two data points (Aw =40, 100
and 200 Hz for #= 2.5, 1.0 and 0.5 ms, respectively).

It is known that only NO, molecules have strong absorption at 532 nm and presence of other gas
lead to shifting in the frequency of acoustic modes [31]. Even S has one NO, group, and its
strength of PA signal lies between than S, and §,,. However, §,, has a lower intensity than §; even
though it has two -NO, groups, because it is more thermally stable compound. The melting
temperatures of S (92.50 °C) and S, (168.91 °C) also show that §, is more thermally stable than S,
The PA spectra of S;and 5, are identical except their intensity of acoustic modes because these are
isomers. As a result, these compounds release similar type of gaseous byproducts in different
concentrations leads to change in the intensity of acoustic modes.

Table 4.4: Excited acoustic modes of the PA cavity in kHz.

S 31 38 43 84 13.6 182 20.7 277 284 37.6 385 395 450 50.0

S 3.1 39 43 86 138 172 21.0 282 289 352 363 39.1 402 449
Ss 31 38 43 83 13.6 17.0 192 20.7 27.6 283 37.5 385 392 413 450
Sy 3.1 3.8 43 85 137 17.2 225 248 279 333 353 36.8 387 41.6 45.0
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Figure 4.10: PA fingerprint spectra of (a) S5 (b) S10 (¢) Ss and (d) So at T= 350 °C, # = 1 ms.

4.5.3. Thermal stability and decomposition criteria

Fig. 4.11(a, c, e and g) shows the behavior of three major acoustic modes and Fig. 4.11(b, d, f and h)
exhibits the TG-DTA curves of S5, 5, S and S, with respect to temperature. The compounds 5,
Ss and S, have melting and decomposition temperatures at 168.91, 92.50, 118.51 °C, and 231.51,
259.14 and 149.41 °C respectively. §; decomposed without melting it has two decomposition points
at 151.10 and 315.35 °C. The PA signal curves for S shows two peaks at 110 and 220 °C between
the 30-350 °C range. The intensity of PA signal increases after crossing the temperature 250 °C and
reaches its maximum value at 350 °C. The weight loss curve of §; shows that decomposition initiates
at 140 °C. However, the corresponding compounds show initial PA signal peaks at 70, 100, 190 and
118 °C, respectively. The PA signal curves for acoustic modes show that S5, S, S5 and S, are
thermally stable upto 250, 260, 270 and 280 °C, respectively. The compounds losess weight gradually
as a function of temperature and decomposes rapidly at 270, 170, 200 and 118 °C, respectively. It
was demonstrated that the NO, molecules releases before the melting temperature [18] and follow
multiple thermal zones during the process of thermal decomposition. We also inferred that m*«—n
transition is a strongest electronic transition in NO,. Therefore, it governs the growth of PA signal

and plays leading role to show the decomposition mechanism.
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Figure 4.11: (a, c, e, g) Behavior of acoustic modes, and (b, d, f, h) TG-DTA curves with respect to temperature, for S5,

S10, S8 and Sy respectively.

Fig. 4.11(c) shows the 5, has initial PA signal peak at 140 °C and the strength of the PA signal

increases between 200-350 °C range. However, as shown in Fig. 4.11(e, g), for S and 5, the

predominant mode at 3.8 kHz has peaked at their decomposition temperatures i.e. 260 and 150 °C,

respectively. All these compounds show maximum intensities of PA signal at decomposition
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temperature and increased more after crossing it. The peaks of PA spectra at given temperature
confirms the process of decomposition occurs in multiple steps. The curves of PA signal, weight
loss obtained from PA spectroscopy and TG-DTA confirm the thermal stability of the compounds.
The stability order of these energetic materials are found to be §,,> S;>5,>S.. This is ascertained
based on the highest strength of PA signal obtained from these compounds. The released quantity
of gaseous molecules depends on the density and occupied positions of —NO, groups in the

structure of the compounds.
4.5.4. Effect of incident laser energy

Fig. 4.12 exhibits the PA spectra of compounds with respect to incident laser energy recorded at 350
°C, += 0.5 ms. Insets in Fig. 4.12 show the behavior of two principal acoustic modes. The minimum
incident laser energy order of 10 pJ, which is sufficient to record the PA spectra using 266 nm
wavelengths, and the central frequency of the predominant acoustic modes does not vary with
respect to incident laser energy. However, higher energy leads to affect the other excited cavity

modes. This is due to strong absorption of HEMs vapor at 266 nm wavelength region.
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Figure 4.12: PA spectra and behavior of acoustic modes with incident laser energy for (a) S5 (b) S10 (c) S5 and (d) So.
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The strength of PA signal for S, is lower than other compounds with respect to incident laser
energy, which shows that it is more stable. All excited acoustic modes are present in PA spectra of
lower incident laser energies. The PA spectra get saturated after crossing the 30 uJ energy.
Therefore, for the recording of the PA spectra of newly synthesized energetic compounds require
low laser energy at 266 nm. Because the PA signal saturated with the higher incident laser energy. In
case of S, 5, and S at 50 uJ energy the excited acoustic mode 13.8 kHz disappeared. This indicates
that the absorbed radiation accumulated at the first longitudinal and azimuthal modes. Higher
incident laser energy utilized in case of S, to excite the first longitudinal (3.8 kHz), radial (13.8 kHz),

and azimuthal modes (27.8 kHz).
4.5.5. Effect of data acquisition time

Fig. 4.13 (a-d) shows the decay behavior of acoustic mode present at 3.8 kHz with respect to data
acquisition time at different incident laser energies for S5, S, S5 and S,. The acoustic modes show

exponential decay behavior, each having different decay times.
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Figure 4.13: The decay behavior of acoustic modes with respect to data acquisition time at different incident laser

energies for (a) S5 (b) S10 (c) S5 and (d) So.
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Figure 4.14: Exponential decay times for compounds with incident laser energies.

Fig. 4.14 shows the corresponding decay times of the compounds for 3.8 kHz mode. At 10 m],
the compound S has higher decay time i.e. 1.97 ms. The acoustic mode has higher decay time when
the relative difference between the intensities of this mode is lower as function of data acquisition
time. This is possible only at concentration of absorbed gas molecules are high in quantity inside the
PA cell. The acoustic modes have higher decay times, which turned to linear decay considering that
these are the predominant modes. The decay times of the compound varies as a function of incident
laser energy. The decay time curves of S5 and S, shows approximately identical decay behavior with
different values. The decay times at 50 pJ have almost identical values, but there is considerable
change in their values at lower energy i.e. 10 pJ. This reveals the fact that the response of PA signal
is identical at higher incident laser energy. Therefore, the minimum energy associated with excitation

wavelength is suitable for recording the signature of the newly synthesized molecules.
4.5.6. Thermal quality factor

The quality factor “Q” is defined in terms of ratio of accumulated energy to the energy loss over one
cycle. Physically, it is given by the ratio of central frequency (w) to the full width at half maxima

(Aw) of the corresponding acoustic mode.

w

Q =
A, (4.4)

Fig. 4.15 shows the Lorentz fit of acoustic modes located at ~13.8 kHz for S, S, S, and S, at
different temperatures. It is observed that central frequency of acoustic modes does not show any
variation while full width at half maxima (FWHM) of modes varies as a function of temperature.

This clearly reveals that the difference in the concentration of released quantity of gaseous
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byproducts. The intensities of 3.8 kHz mode for Sy, is higher than §; because in the case of Sy is a
second predominant mode while for S, it is the third mode. This is due to modulations in acoustic
pressure wave caused by different concentrations of released gaseous molecules. However, the
energetic materials possess similar excitation modes due to absorption of 266 nm by all released
gaseous fragments irrespective of their quantity in the total vapor mixture.

Fig. 4.16 (a-d) shows the obtained quality factors for S, 5., S;, and S,. The highest Q values 1.e.
36, 32, 40, and 42 obtained for S, 5, S, and S, at temperatures 290, 70, 290, and 330 °C,
respectively. If the higher quantity of absorbed gas molecules present in the PA cavity, then the
cavity work as a high sensitive resonator and enhance the quality factor. The compounds can release
higher number of gas molecules at melting, decomposition or after crossing the decomposition
temperatures. However, in the present case average constant quality factor i.e. 24 is obtained as a
function of temperature. The lower and constant values of quality factors with respect to vapor
temperature indicate that the compounds release less quantity of gaseous fragments. This directly

shows that the reported compounds are thermally stable in nature.
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4.6. Conclusions

We have successfully recorded temperature and pressure based time-resolved PA spectra of §; and
S, using 532 nm wavelength. The number density, absorption cross section of Sy and S, are
calculated using gas law and Beer Lambert’s law. This shows that the molecules released from S,
have high number density than Sj. It is observed that for the recording of PA spectra of 1,2,3 phenyl
series triazoles requires high incident laser energies as compared the benzyl series 1,2,3-triazoles. It
shows that phenyl series triazoles are more thermally stable as compared to the benzyl series. The
thermal stability of S5, 5, S5, Sy was cross-verified with UV 266 nm wavelength and recorded the PA
fingerprint spectra. The advantages and limitations of pulsed photoacoustic pyrolysis technique

compared with the GC-MS technique were presented.
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Chapter 5

Phenyl-series 1,2,4-triazoles: Study of bond

breaking mechanism and thermal stability

Abstract

In continuation of our studies reported in chapter 3 and 4, we have described in this chapter the
effect of bond lengths of major chemical substituents on thermal stability of nitro rich 1H-1,2,4-
triazoles between 30-350 °C range. Thermal stability and PA fingerprint spectra of these compounds
are evaluated in terms of thermally released NO, molecules and total molecule vapor by employing
second and fourth harmonic wavelengths i.e. visible 532 nm and UV 266 nm of a 7 ns pulse
duration and 10 Hz repetition rate. These samples were also subjected to TG-DTA technique for
recording their melting and decomposition temperatures. Thermo gravimetric-differential thermal
analysis (TG-DTA) data along with PA results highlight the multistep decomposition mechanism of
the reported compounds. The study also helps us to identify the characteristic behavior of

propellants and explosives of the reported molecules which are used as a rocket fuel.

A part of the work presented in this chapter has appeared in the following publications:

[1] K. S. Rao, A. K. Chaudhary, N. Kommu, and A. K. Sahoo, RSC Adp., 2016, 6, 4053—4062.

[2] K. S. Rao A. K. Chaudhary, RSC Ady., 2016, 6, 47646—47654.
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5.1. Introduction

itro rich triazole derivatives which possess high heat of formation, detonation velocities,
Npressure, shock sensitivity, and good thermal stability due to the presence of aromatic ring
are treated as HEMs [1-3]. The synthesis and characterisation of these materials have attracted many
researchers to evaluate their potential in military applications such as rocket fuel, gun propellants
and explosives [4-10]. The study of thermal stability and decomposition mechanisms of premier
HEMs can be studied using different analytical techniques [11-20]. The thermal decomposition
mechanism and stability criteria of different types of energetic 1H-1,2,4-triazoles performed various
theoretical and experimental studies [21-27]. Zhang Rui-Zhou e7 al. reported the theoretical studies
on a series of 1,2,4-triazoles derivatives as potential high energy density compounds [28]. Tagomori
et al. examined the thermal decomposition mechanism of 1H-1,2,4-triazole (1Htri) and its derivatives
having different substituent such as -NO,, -NH,, -CH;, -OCH; and -COOH using sealed-cell
differential scanning calorimetry (SC-DSC) [29].
The high nitrogen content of 1,2,3- and 1,2,4-triazoles contributes to high positive heat of formation
[30-38]. The heat of formation of the 1,2,3-triazole is higher (272 kJ/mol) than 1,2,4-triazole (191
kJ/mol)[39,40,41]. Therefore, 1,2,3-triazole-based compounds are energetically supetior than 1,2,4-
triazole derivatives. This is also verified using pulsed photoacoustic technique in terms of released
quantity of gaseous molecules. However, the reported 1H-1,2,4-triazoles such as 1-(4-Methyl-3,5-
dinitrophenyl)-1H-1,2,4-triazole (P-Me-DNPT), 1-(4-Methoxy-3,5-dinitrophenyl)-1H-1,2,4-triazole (P-
OMe-DNPT),  2,6-Dinitro-4-(1H-1,2,4-triazol-1-yl) aniline (P-NH»-DNPT) have identical structures
except the presence of one chemical substituent such as -CH,, -OCH,, and -NH, at the para position
of the phenyl ring. In chapters 3 and 4, we have discussed about thermal stability and decomposition
mechanisms of different isomers of benzyl and phenyl series of 1H-1,2,3-triazoles. In the present
chapter, the role of the major chemical substituent based on their bond lengths have been
investigated in the decomposition mechanism and stability of the reported energetic materials under
controlled pyrolysis between 30-350 °C range using pulsed photoacoustic pyrolysis technique. Our
main aim is to propose that the pulsed photoacoustic technique is one of the emerging tools to
study the thermal stability and decomposition mechanisms of various types of HEMs. In this
chapter, we have chosen the compounds of nitro rich 1H-1,2,4-triazoles, which have identical
structures but a different chemical substituent at para position in the phenyl ring. The strength of the
PA signal is directly related to the released gaseous molecules from solid sample, which is available
in small quantity (~1 mg) during the pyrolysis process. The strength and frequency of the PA signal

is based on the selection of proper excitation wavelength and dimensions of the PA cell.
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It is well known that the vapor of HEMs and their byproducts have strong absorption in 266 nm
wavelength range and also involved in photodissociation process due to n*<—n transitions [42-44].
The HEMs release several types of byproduct gases, such as NO,, NO, CO,, CO, HCN, and H,O
.etc during the process of thermal decomposition. Consequently, when 266 nm selected as an
excitation wavelength, the study of thermal decomposition is shifted to NO and total compounds
vapor. The laser-based excitation is responsible for the reduction of activation barriers for
decomposition reactions [42,45,46]. Kimmel .et al suggested the dynamics and steady roots of
thermal decomposition mechanism of HEMs with NO, and NO as byproducts [47]. The NO,
molecules photodissociated to NO in presence of ultraviolet (UV) radiations [48-53]. It is also
known that NO, is one of the principal byproduct gas obtained during the decomposition of HEMs
[13,54-56]. There might be possibility that NO, molecules follow the root of photodissociation with
excitation of UV 266 nm wavelength and converted into NO by following root,

NO, +hv —- NO+0O (5.1)
Kommu et al. reported the synthesis of these nitro rich 1,2,4-triazoles derivatives such as P-Me-

DNPT, P-OMe-DNPT and P-NH>-DNPT [57]. The structures along with the chemical formulas, p,VOD,

DP and AH; of these compounds are shown in the Table 5.1.

Table 5.1: structure and energetic properties of 1,2,4-triazoles.

Sample Structure Formula | p VOD DP AHjg
gm/cm?® | km/s GPa kJ/mol
Me
O;N NO,
P-Me-DNPT ﬁj CoH7N504 1.62 640 | 17.01 | 268.25
N.
¥
OMe
O;N NO,
P-OMe-DNPT CoH7N;505 1.64 6.68 18.68 167.38
«N.N
Ny
NH,
O,N NO,
P-NH,-DNPT CsHsNsO4 1.66 6.66 18.74 235.85
¥

The reported energetic 1H-1,2,4-triazoles can be used as explosives and as propellants.
Explosives generate supersonic reaction waves, which propagate with the speed of several km/s
inside the matter. The corresponding process is known as detonation. Similarly, propellants generate
subsonic reaction waves, which propagate with the speed of several km/s accompanied with hot
gasses. The corresponding process is known as deflagration [58]. It is observed that for these
compounds higher incident laser energy and lower data acquisition time are required to record the

thermal PA spectra as compared to benzyl series 1,2,3-triazoles confirming these are thermally more

stable [59].
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5.2. IR spectra of compounds

Fig. 5.1(a-c) shows the IR spectra of P-Me-DNPT, P-OMe-DNPT, and P-NH,-DNPT, respectively. Inset
tables and structures of Fig. 5.1 show the positions of principal functional groups and line bond
structures of the compounds. The absorption peaks of the amino group are present at 3419.18,
3254.79 and 1649.32 cm™. The strongest absorption peaks of C-O-C, -NO,, -N=N"=N’, -OCH, and
C-H are observed between 1300-1000 cm™, 1550-1300 ¢cm™, 2400-2000 cm™ and 2850-2810 cm™,
range respectively. Therefore, given FTIR spectra confirm the presence of different functional

groups in the reported compounds.
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Figure 5.1: IR spectra of solid compounds.
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5.3. 532 nm based study of 1,2,4-triazoles
5.3.1. Thermal PA spectra

Fig. 5.2(a-c) shows the thermal PA spectra recorded at E,, = 8.63 m]J, #= 0.5 ms for P-Me-DNPT,
P-OMe-DNPT and P-NH,-DNPT, repectively. The background noise signal of the system is of the
order of 0.05 mV. Fig. 5.2(a) shows that P-Me-DNPT does not provide any PA signal up to 60 °C.
The first PA signal is observed at 90 °C, which is treated as the initial point of thermal
decomposition. The PA spectra also show some sharp, intense acoustic modes located at 12.4 and
36.4 kHz. Some other excited acoustic modes appear in cluster form and occupy the frequency
range between 16 and 35 kHz. The excited acoustic modes of the PA cavity at T, = 250 °C are
present at 3.2, 8.4, 12.4, 18.0, 20.8, 22, 23.2, 27.4, 32.2, 36.4, 42.2 and 44.2 kHz. Amongst 12.4 kHz
is one of the predominant acoustic modes of the cavity and has the intensity of the order of 54.11
mV. The acoustic modes of PA spectra of the compound have + 200 Hz variation with respect to
their central frequency as a function of temperature.

Fig. 5.2(b) shows the thermal PA spectra of P-OMe-DNPT. Though its melting temperature (T,) is
97.92 °C, the process of dissociation initiates at 30 °C. Therefore, once again it is confirmed that
NO, molecules are released much before the melting temperature of the HEMs [55,60]. The
majority of acoustic modes exhibit a pair of peaks behavior and have broad profiles due to the
change in the density of released vapor. The sharp, intense peaks are located at 3.8 and 13.8 kHz
between 30-350 °C range. However, the other higher intensity acoustic modes are present at 17.2,
22.0 and 35.8 kHz. It is observed that almost all acoustic modes of PA spectra are excited
simultaneously and possess identical intensities. Since the PA spectra of the compound is generated
due to absorption of incident laser radiation by NO, and the presence of other gaseous fragments
leads to the change in the density of the cell medium which affects the velocity of acoustic pressure
waves. As a result, the profile of acoustic modes shows broadening effect along with a shift in the
frequency with respect to the central frequency. The predominant order of excited acoustic modes
gradually changes their position with respect to vapor temperature.

The thermal PA spectrum of P-NH,-DNPT at 130 °C as shown in Fig. 5.2(c) possess two weak and
one strong modes located at 4.0, 13.8 and 27.4 kHz respectively. The PA spectra have strong and
sharp acoustic peaks, this is the indication of presence of more quantity of NO, molecules. The
maximum PA signal is obtained at 315 °C and the excited acoustic modes are located at
4.0,12.4,13.8,27.4,37.6,38.6 and 39.11 kHz. During the experiment, thermally released reddish brown
colored vapor was observed in the heating flask, which clearly indicates that the vapor contains a

high amount of NO, as compared to other gaseous molecules.
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Figure 5.2: 532 nm based thermal PA spectra of (a) P-Me-DNPT, (b)P-OMe-DNPT and (c) P-NH,-DNPT.

Fig. 5.3(a-c) shows the 532 nm based PA spectra recorded at 250, 170 and 280 °C at #= 1 ms for
P-Me-DNPT, P-OMe-DNPT, and P-NH>-DNPT. Inset figures show the corresponding time domain
signals. The PA spectra in Fig. 5.3(d) shows the total number of 24 calculated eigenmodes which
comprises 19-longitudinal (g), 3-radial (#) and 2-azimuthal (#) modes of the PA cavity, which
occupies the frequency between 0-45 kHz. The first ¢, # and 7 modes frequencies are located at
2.28, 13.4 and 27.89 kHz. The calculated frequencies of sixth and twelfth longitudinal modes are
almost equal to the first radial mode (i.e., at 13.8 kHz ) and azimuthal mode (ie. 27.4 kHz )
respectively. Therefore, it is inferred that these common eigenmodes are the strongest excited
acoustic modes of PA spectra. These modes are clearly observed in PA spectra of P-NH,-DNPT. The
PA cavity have maximum numbers of even order of longitudinal modes. The order of acoustically
excited modes varies from sample to sample which is attributed to the change in the density of
released gaseous molecules. In case of PA spectra of P-Me-DNPT and P-OMe-DNPT, the acoustic

modes are well separated and have sharp peaks between 0-15 kHz frequency range. Whereas, low-
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intensity acoustic modes appeared in a pair between 15-45 kHz range. It confirms that the higher
order modes are forming clusters due to percentile change of NO, as well as other gaseous
molecules present in the vapor. PA spectra of P-NH,-DNPT has two kinks at 4.4 and 28.3 kHz. The
PA spectra of P-NH,-DNPT depicts well separated sharp peaks as compared to the other two
compounds and confirms that P-NH,-DNPT releases more quantity of NO, as compared to other
byproduct gasses. While, the kinks of acoustic modes show the presence of other gaseous molecules

released in less quantity.
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Figure 5.3: PA fingerprint spectra at # =1 ms of (a) P-NH>-DNPT (b) P-OMe-DNPT (c) P-Me-DNPT, and (d)
calculated longitudinal, radial and azimuthal modes of PA cavity.

In the chapter 3, we have already shown the thermal stability and acoustic fingerprints of ), .5,
S5, 5, and 5. The effect of methoxy group on PA spectra of §; and §, was observed in the form of a
pair of peaks. However, additional acoustic peaks are absent in the PA spectra of §; and S,. The
compound P-OMe-DNPT has -OCH, group similar to other methoxy group compounds. The
fragments released due to —OCHj affect the concentration of NO, as well as density of total vapor
resulting a pair of acoustic peaks is obtained in PA spectra. Due to the pair of peaks, the intensity of
acoustic modes for P-OMe-DNPT is comparatively lower than the remaining two compounds. The
thermally released other gasses such as oxygen (O) or CO from methoxy group, might react with
freely released NO, molecules and lead to conversion of NO, into NO along with formation of
other gasses such as O, and CO, etc. using following chemical roots [61,62]

NO,+0O — NO+O, (5.1)
NO, + CO — NO +CO, (5.2)
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In case of 266 nm due to strong absorption of total molecule vapor the intensity order of PA signals
follows the density order: P-NH,DNPT > P-OMe-DNPT >P-Me-DNPT, which indicates that higher density

molecules release a high quantity of gaseous byproducts.

5.3.2. Thermal stability

Fig. 5.4(a), 5.4(c) and 5.4(e) show the behavior of acoustic modes with respect to temperature while
Fig. 5.4(b), 5.4(d) and 5.4(f) show TG-DTA curves of P-Me-DNPT, P-OMe-DNPT, and P-NH>-DNPT,
respectively. In the case of P-Me-DNPT, the first predominant acoustic mode located at 12.4 kHz has
highest PA signal at T ,i.e. 250 °C. The compound starts releasing NO, at 90 °C and this temperature
region is treated as the first thermal zone for the release of NO,. However, fixed intensity of
acoustic modes shows the stability of compound between 90-170 °C range. The acoustic modes
located at 8.5 and 22 kHz are stable between 190-350 °C range. The heat flow curve of P-Me-DNPT as
shown in Fig. 5.4(b) indicates that it has T, and T}, at 129.80 and 259.89 °C. The weight loss curve
shows that it is thermally stable up to 150 °C and after crossing this temperature, it lost about 95 %
of weight at 233.48 °C.

The heat of decomposition (AH) depends on the overall decomposition and type of by-products
formed. The ring breakdown reactions in the process of thermal decomposition are either
exothermic or endothermic in nature. The endothermic peak represents the solid—solid phase
transition points, which is due to release of condensed water. Fig. 5.4(b) shows the heat flow curve
of P-Me-DNPT at decomposition temperature (259 °C) with an endothermic peak, whereas the weight
loss curve indicates that almost 95 % weight is lost between 150-260 °C range. This shows that the
molecule starts decomposing at 259 °C, by releasing different types of gaseous byproducts along
with condensed water (which is due to lack of high nitrogen content). Consequently, it shows an
endothermic peak for P-Me-DNPT [33].

Fig. 5.4(c) shows the behavior of acoustic modes for P-OMe-DNPT with respect to temperature.
The acoustic mode present at 17.2 kHz is one of the strongest PA mode between 90 and 195 °C
temperature range. Similarly, modes present at 13.6 kHz show highest PA peak at 140 and 230 °C,
while mode at 17.2 kHz has a higher peak at 140 and 275 °C.

Fig. 5.4(d) shows the TG-DTA curves of P-OMe-DNPT. It has T, at 97.92 °C and T, at 274.43 °C.
The heat flow curve shows that a broad peak present at 165 °C between 150-180 °C range, which is
also considered as the decomposition point and is correlated to the strong PA signal due to the
release of more quantity of NO,. The compound gradually loses its weight between 25-275 °C range.
The rate of decomposition gets accelerated after crossing 275 °C. It is also reflected in the strength

of the PA signal of acoustic modes present at 4.0, 22.0 and 35.8 kHz which show stable behavior up

to 275 °C.
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Figure 5.4: Shows the behavior of acoustic modes and TG-DTA curves P-Me-DNPT, P-OMe-DNPT, and P-NHo-
DNPT respectively.

Fig 5.4(e) shows the behavior of three predominant modes present at 3.8, 13.8 and 27.4 kHz.
They show similar excitation behavior and the intensities of PA spectra have two major peaks at 180
and 315 °C. The PA signal curves indicating that P-NH,-DNPT is thermally stable up to 130 °C. The
heat flow curve in Fig. 5.4(f) exhibits that the process of melting initiates at 180 °C and decomposed
with an endothermic peak at 270 °C, further possess exothermic nature at 293 °C. The weight loss
curve shows that compound is thermally stable up to 150 °C after this it loses around 70 % of its
total weight between 150-300 °C range. But, the signature peak of PA signal appears at 130 °C, after
that it shows rapid growth up to 180 °C. The PA signal shows two additional peaks at 315 °C and
280 °C. The results obtained from PA technique for the 1H-1,2,4-triazoles have excellent agreement
with the TG-DTA analysis i.e. at the T, and T, of the compounds achieved the highest PA signals.
P-NH,-DNPT has an additional N (due to -NH,) which increases the density of compound (1.66
g/cm’) as compared to other compounds and leads to releases of more quantity of NO, than other
gaseous molecules. Therefore, the synthesis of nitrogen (N) rich green energetic materials can be
treated as potential rocket fuel [2,3]. The compounds P-OMe-DNPT and P-NH,-DNPT are oxygen and
nitrogen-rich compounds. As a result, at decomposition temperature, the ring-breaking reaction
appears in the form of exothermic peaks (due to oxidation of nitrogen) as shown in Fig. 5.4(d) and
5.4(f). P-OMe-DNPT shows two exothermic peaks at 150 °C and 274.43 °C. The first exothermic peak
is due to breaking of principal functional groups attached to the ring while the second one is due to

aromatic ring breaking and indicates the completion of total decomposition process.
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5.3.3. Bond breaking mechanism and scaling the efficiency as a rocket fuel

The sequence of bond breaking mechanism of major functional groups from solid compounds
during the pyrolysis process is explained based on their bond lengths. It is accertained that, the
functional group which has higher bond length from the phenyl ring carbon is released initially, than
other groups. The bond length of some principal functional groups are listed in Table 5.2, which are
calculated by optimizing the structure in Gaussian 03 using B3PW91 functional with 6-31G(d,p)

basis set [57].
Table 5.2: Bond lengths of compounds and PA signal at #= 0.5 ms.

Functional groups P-Me-DNPT P-OMe-DNPT  P-NH,-DNPT
Clgimgie Wit 1.407 A 1412 A 1.410 A
Cophenyl — para group 1.503 A 1.345 A 1.330 A

(C-CH3) (C-OCH3) (C-NHy)
-C-NO; 1.474 A 1.476 A 1.450 A
Strength of PA signal 5411 mV 19.36 mV 582.99 mV

In the case of P-Me-DNPT, the methyl group is present at the para position of phenyl ring with
sigma bond which has a bond length of the order of 1.503 A. In addition, two NO, groups are
sigma bonded at 3,5 (weta)-positions of the phenyl ring and has a length of 1.474 A. Since the bond
length of the para position methyl group is higher than that of nitro group, the supplied heat energy
during pyrolysis was first used to cease the methyl group followed by the nitro group and then
triazole group. Consequently less quantity of NO, molecules is released. While, for P-NH,-DNPT the
bond lengths between the para position amino group to phenyl ring and mefa nitro groups to phenyl
ring are 1.330 A and 1.450 A. The supplied heat energy at initial level is utilized to cease the -NO,
groups from the phenyl ring rather than an —-NH, group, because the NO, group attached to the
phenyl ring with higher bondlength than -NH, group. Consequently, high yield of NO, molecules
are released which leads to the generation of the strongest PA signal of the order of 582.99 mV.

In case of P-OMe-DNPT, the bond length between para methoxy group to phenyl ring is 1.345 A,
and nitro group to phenyl ring is 1.476 A. Therefore, in decomposition process NO, molecules
released initially and followed by —OCH; group and its fragments. -OCH; group is can be
defragmented into O, CO, H,, H,O etc. It appears that the concentration of either of these
fragments is equally high along with NO, in the gas mixture which has no absorption in 532 nm
range. Therefore, the acoustic modes possess a pair of peaks and have low strength PA signal for P-
OMe-DNPT, even though, P-OMe-DNPT initially releases a high quantity of NO, along with other
gaseous molecules. The strength of the PA signal is only monitored in terms of NO, concentration.

Whereas, the presence of other gas molecules leads to broadening of the profile of acoustic modes
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along with the shift from the actual central frequency and calculated values of modes. It is well
known that the double bonded molecules have higher bond strengths. Therefore, the rupture of
single bond (C-N) molecules requires lower energy than the double bond (N=N) molecules. Here,
the process of decomposition of reported 1,2,4-triazoles is completed in two steps. In the first step,
the triazole moiety is separated from the phenyl ring, and the final step follows with concerted ring
breaking. The aromatic ring like triazole moiety requires high energy than the aliphatic groups such
as -CH,;, -OCH; and -NH, for separation from the ring. The entire molecules along with their
principal functional groups are decomposed easily at high temperature. The expected order of
ceased functional groups from the ring during the process of decomposition with respect to the
supplied heat energy is listed in Table. 5.3. The decomposition mechanism might be more complex,
and it may involve bond rearrangements and isomerizations before fragmentation or decomposition.
However, the order of ceased functional groups from compounds can be confirmed on the basis of

PA spectra in terms of their excited acoustic modes and intensity.

Table 5.3: The expected order of ceased functional groups.

Compound Ceased order
P-Me-DNPT -CH3, -NOg, -triazole
P-OMe-DNPT -NOy, -triazole, -OCH3
P—NHz—DNPT —NOz, —triazole, -NH;

The initial weights (I,) of P-Me-DNPT, P-OMe-DNPT and P-NH,-DNPT used for TG-DTA analyis are
1.589 mg, 1.002 mg and 3.254 mg, respectively. The estimated percentile of residual quantity for
corresponding compounds from weight loss curve at 400 °C are 3%, 10% and 15% respectively. The
highest PA signal obtained for this successive compounds at # = 0.5 ms are given by 54.11, 19.36
and 582.99 mV. While, for # = 1 ms, these are 30.08, 9.7 and 36.12 mV, respectively. Even though
the initial weight of P-OMe-DNPT is less, it shows comparatively high residual weight and lower
strength of the PA signal than the other two compounds. Hence, on the basis of the residual weight
from TGA curve and the strength of the PA signal, the efficiency of these compounds as a rocket
fuel follows the sequence: P-NH,-DNPT > P-Me-DNPT > P-OMe-DNPT. The similar order is applicable
for explosive properties of these compounds. The efficiency of these compounds as a rocket fuel is
ascertained on the basis of released quantity of NO, molecules in terms of the strength of PA signal.
Because, NO, is identified as freely released gas during the pyrolysis of HEMs, which is treated as a
thermal marker [55,60,63].
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5.4. 266 nm based study of 1,2,4-triazoles
5.4.1. Thermal PA spectra

Fig. 5.5(a-c) shows 266 nm based thermal PA spectra of P-Me-DNPT, P-OMe-DNPT and P-NH,-DNPT,
respectively. The PA spectra were recorded between 40-350 °C range, at E,, = 10 pJ and # = 0.5 ms.
In the case of 266 nm, very low incident laser energy of the order of 10 pJ is sufficient to generate
the strong PA signal. This is because HEMs vapor and its dissociation fragments such NO,, NO,
CO, CO,, HCN, and H,O etc. have strong absorption. The PA spectra of these compounds have
similar excited acoustic modes located at 3.8, 8.4, 13.8, 27.8 and 38.8 kHz with small variation in the
central frequency of acoustic modes. Whereas, it remain’s unchanged for particular compound as a
function of temperature. This indicates that compounds release similar type of gaseous mixture

during their decomposition between 40-350 °C range. The central frequencies of acoustic modes

have shifted to £ 200 Hz from one to another compound.
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Figure 5.5: Temperature based PA spectra of (a) P-Me-DNPT, (b) P-OMe-DNPT and (c) P-NH>-DNPT.

In the thermal PA spectra of P-Me-DNPT as shown Fig. 5.5(a), first PA signal obtained at 130 °C
and the modes become more intense with further increase in temperature. Fig. 5.5(b) shows that P-
OMe-DNPT has almost constant PA signal between 40-180 °C range. However, Fig. 5.5(c) indicates
that P-NH,-DNPT has a strong signal at 40 °C, and then after the intensity is decreased up to 190 °C.
The maximum strength of PA signal is obtained at 310 °C for P-Me-DNPT, 330 °C for P-OMe-DNPT
and 300 °C for P-NH>-DNPT. These temperatures are near to the actual decomposition temperatures
260, 275 and 270 °C. The maximum strength of PA signals obtained for the studied compounds
follows the order: P-NH,-DNPT > P-OMe-DNPT > P-Me-DNPT. Due to the presence of -NH, group, P-
NH,-DNPT has higher density, which leads to release the high quantity of gaseous mixture, as a result
provided the higher strength of PA signal as compared to the other compounds. The N-NO, and C-
NO, bonds are the weakest bonds in the energetic ring, and the rupture of these bonds is the initial

step in the decomposition [64-66]. The chemical substituent like -NH,,-OCHj; are increase the
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density of compounds than -CH; and initially lead to the release NO, molecules which is followed
by other gaseous byproducts. The results obtained from PA technique reveal that higher
concentrations of gaseous molecules are released from P-NH,-DNPT and P-OMe-DNPT as compared
to P-Me-DNPT. Therefore, nitrogen (N), oxygen (O), and nitro (NO,) rich triazole derivatives are
potentially interesting energetic materials because of high density, energy. These materials can be
used as solid propellants and explosives [67].

5.4.2. Evaluation of thermal stability and efficiency as a rocket fuel

Fig. 5.6(a-c) shows the behavior of excited acoustic modes with respect to temperature. Fig. 5.6 (a)
shows that P-Me-DNPT released a similar concentration of gaseous fragments between the
temperature 40-130 °C with further increase in vapor temperature, the acoustic modes show growth
in their intensity and has two peaks at 230, 310 °C. All the acoustic modes show similar behavior
with variation in their predominant order with respect to temperature. The significance of PA signal
observed at initial temperatures due to strong absorption of 266 nm by entire molecule vapor.

Fig. 5.6(b) depicts that P-OMe-DNPT releases a nearly similar quantity of gaseous molecules
between 40-210 °C, range. However, the PA signal curves have slightly high intensity near the
melting temperature ie. 100 °C (97.92 °C). The intensity of acoustic modes is high at the
temperatures 235 and 330 °C. For P-NH,-DNPT, as shown in Fig. 5.7(c), The intensity of acoustic
modes at 8.4, 18.8 and 38.8 kHz does not show any variation between 40-190 °C, range. The
intensity of predominant modes present at 3.8 kHz and 28.2 kHz are high at the initial temperature.
However, all the acoustic modes possess maximum intensity at 220 and 300 °C. The constant PA
signals obtained as a function of temperature confirms the thermal stability of compounds.

In addition, the efficiency of these compounds as a rocket fuel is found to be of the order of P-
NH,-DNPT > P-Me-DNPT > P-OMe-DNPT. This evaluation is based on the strength of PA signal
obtained from PA spectra and residual weight measured from the weight loss (TGA) curve. The
energetic properties, I, and R, obtained from TG-DTA data and maximum intensity of PA signal of
the compounds are comprised in Table 5.4.

Table 5.4: The values of p, D, P, I, Ry and intensity of PA signal.

Compound p(@g/cm? D (km/s) P (GPa) TG-DTA PAS (mV)
) R, %) +=0.5ms

P-Me-DNPT 1.62 6.40 17.01 1.589 3 46.42

P-OMe-DNPT 1.64 6.68 18.68 1.002 10 63.55

P-NH>-DNPT 1.66 6.66 18.74 3.254 15 101.42
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Figure 5.6: PA signal of acoustic modes vs temperature (a) P-Me-DNPT (b) P-OMe-DNPT and (c) P-NH>-DNPT.

P-OMe-DNPT is less efficient as a rocket fuel compared to that of P-Me-DNPT even though it
released high quantity of gaseous molecules and having high detonation pressure and velocity of
detonation. Because, it shows more residual weight is 10 % for the initial weight of 1.002 mg,
whereas residual weight for P-Me-DNPT is 3% of initial weight of 1.589 mg. P-OMe-DNPT has the
highest residual weight even for a small quantity of initial weight, which indicates that it is less
efficient for rocket fuel. The controlled PA pyrolysis process carried out for all the solid samples
using a small quantity i.e. ~1.0 mg. P-NH,-DNPT has highest density 1.66 g cm™, detonation pressure
18.74 GPa. Therefore, it releases a high concentration of gaseous byproducts. Consequently, the
strength of PA signal is higher as compared to other compounds and indicates that it is much
efficient material as a rocket fuel. The velocity of detonation for these compounds has been shown
in Table 5.4 is 6.60, 6.40, 6.68 km/s, respectively. P-OMe-DNPT has high detonation velocity it might
be due to presence of additional O atom. High density play vital role in the performance of an
energetic material because the detonation pressure is proportional to the square of its density [68].

In earlier section-5.3.2, the thermal stability of these compounds was evaluated based on the
released quantity of NO,, which depends on bond lengths of deposited chemical substituent. In the
present case the thermal stability of the compound is evaluated on the basis of released quantity of
total vapor. The results obtained from both the laser pulses confirms that PA technique is one of the
emerging spectroscopic analytical technique to examine the thermal stability and decomposition
mechanism of newly synthesized energetic materials and to scale their efficiency as a rocket fuel. The
burning temperature of rocket fuels is more than 400 °C. Here, the compounds are directly burnt
with oxidizers as a result the compounds release the end products of C-H-N-O [69]. Moreover, in
the present experiment recording of PA signal above 400 °C is restricted due to the diaphragm of
the microphone because it can get damage at higher temperature region. Therefore, the thermal

stability and efficiency of HEMs as a rocket fuel evaluated up to 400 °C.
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5.4.3. Comparative study on PA fingerprints

Fig. 5.7(a-c) shows the maximum intensity PA spectra of 1,2,4-triazoles. The inset figure shows the
time signals recorded at incident laser energy of E, = 10 pJ and data acquisition time of #= 1 ms.
The excited acoustic modes and corresponding intensities are comprised in Table 5.5. The structures
of these compounds are similar except their major chemical substituent present at para position of
the phenyl ring. These compounds release similar type of gaseous mixture with different
concentrations. As a result, the compounds possess similar cavity modes with a small shift in the
frequency, and they have different intensities. The intensity of acoustic modes is high for P-NH,-
DNPT and it has additional modes compared to other samples. The additional acoustic modes in the

PA spectra represents that the material is decomposed totally and released various types of

byproducts.
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Figure 5.7: PA fingerprint spectra of (a) P-Me-DNPT (b) P-OMe-DNPT and (c) P-NH>-DNPT at Tg and 7= 1 ms.

Table 5.5: Excited acoustic modes f(kHz) and their intensities I (mV).
P-Me-DNPT £ 31 38 43 84 13.6 18 27.6 37.5 384 39.3
I. 83 255 69 44 129 11 261 1.1 42 13

P-OMe-DNPT f 31 38 43 84 137 18 209 27.7 284 385 39.5
[:79 236 49 29 101 11 1.0 204 58 25 12

P-NH>-DNPT f+ 32 39 43 85 139 183 21.2 22.8 28.1 28.7 38.1 39.0 39.7 42.145.0 51.5
I 182 60.3 141 7.8 285 3.8 28 3.6 632229 43 95 47 31 57 31
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It is clearly observed in Table 5.5, that the excited acoustic modes have small shift in their central
frequencies from one sample to another sample. The predominant modes in PA spectra of all
compounds are occupied at 3.8, 13.8 and 27.8 kHz. The 532 nm based PA spectra of compounds
completely differ from the 266 nm based PA spectra. In both cases, the PA spectra were recorded
using same PA cell of internal radius 0.75 cm and length of 7.5 cm. This supports that the
absorption mechanism of gas molecules is different from UV-visible wavelengths. As a result, the

propagation of generated acoustic pressure waves were different.

5.5. Conclusions

The thermal PA spectra have been successfully recorded for the newly synthesized 1,2,4-triazoles.
The bond breaking mechanism during thermal decomposition process ascertained based on bond
lengths of principal functional groups. The thermal stability explained based on the strength of PA
signal obtained from UV-visible wavelengths and TG-DTA analysis. The efficiency of these
compounds as a rocket fuel was investigated and found to be in the given order P-NH,-DNPT > P-Me-

DNPT > P-OMe-DNPT.
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Chapter 6

Identification of solid HEMs in graphite mixture

Abstract

This chapter describes the time resolved PA spectra of different types of solid carbon blacks
obtained from wood charcoal; graphite powder and diesel soot using 532 nm wavelength pulses of
duration 30 ps at a repetition rate of 10 Hz. The results of the photoacoustic and Raman
spectroscopy allow us to evaluate the potential use of graphite powder as a sensor for the
identification of trinitrotoluene (INT) explosive. For the first time a new modality has been
developed based on graphite and propose the potential use of visible-IR wavelengths i.e. 532, 1064

nm for identification of solid HEMs.

A part of the work presented in this chapter has appeared in the following publication:

[1] K. S. Rao, A. K. Chaudhary, and F. Yehya, Sensors Actuators B Chem., 2016, 231, 830—-836.
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6.1. Introduction

n recent years, many optical techniques have been used for the detection of explosives such as
ICL—ZO, RDX, TNT, HMX, PETN, ANTA and other high-energy materials (HEMs) in solid,
liquid and vapor phase [1-5]. These techniques are mainly based on either absorption or emission of
light from the explosive materials. These explosive molecules exhibit strong absorption in deep UV
(due to electronic transitions), IR region (due to the presence of both vibration and rotational lines)
and THz region due to the presence of pure rotational lines in the ground level [6-8]. Therefore,
absorption based technique is often divided into three broad categories such as Deep UV- UV, Mid-
IR and THz region. Pushkarsky et al. demonstrated the detection of TNT using laser based
photoacoustic (PA) technique [9]. They have explored the continuous-wave high-power quantum
cascade laser in external grating cavity geometry. The laser was tunable between 400 nm and 7.3 um
wavelength range. M. Snels et al. have detected the solid explosive TNT in the near infrared spectral
range between 1560 and 1680 nm using cw cavity ring down (CRD) spectroscopy [10]. They have
used a flash heater to evaporate solid TNT in a CRD absorption cell. A.V. Deshmukh et al.
investigated the TNT in water samples collected from nearby military training centre using solid
phase micro extraction technique coupled with Fourier Transform Raman Spectroscopy [11].
Noorhayati Idros et al. demonstrated the colorimetric-based detection of TNT explosives using
functionalized silica nano particles [12]. Many other groups detected or identified the explosives
using different types of techniques [13-18]. However, existing spectroscopic data indicates that
explosive molecules do not possess any absorption band in the visible region. Therefore, recording
of PA signal using visible light is still a major challenge in explosive detection. The time resolved
spectra of carbon blacks such as wood charcoal (WB), graphite powder (GP) and soot obtained
from diesel (DS), TNT in graphite matrix were recorded using a solid PA cell employed with Q-
switched Nd: YAG laser (532 nm, 30 ps, 10 Hz). This is a non-destructive technique and requires a
small quantity of sample [19-21]. Wood charcoal, graphite powder and diesel soot are different from
each other with respect to their specific surface area, particle size and structure, conductivity, and
color. Carbon blacks are manufactured under controlled conditions for commercial use primarily in
the rubber, painting, and printing industries. In contrast, soots are unwanted byproducts from the
combustion of carbon-based materials for the generation of energy or heat, or for waste disposal
[22,23]. The terms carbon black and soot often have been used interchangeable; although carbon
black is physically and chemically distinct from soot. The carbon blacks, soot, other carbon elements
are associated with the particulate carbon. Therefore, the samples wood black (WB), graphite (GP)

and Diesel soot (DS) are subjected to Raman spectra to carry out the comparative study based on
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their disorder (D) and graphite (G) bands. Carbon materials are opaque in optical range, and their
Raman spectra originate from a few tens of nanometers of the surface due to inelastic scattering
[24]. The skin depth factor (4,/4mnk) indicates that higher wavelengths have a greater penetration
depth [25], where, A, is the wavelength, # stands for refractive index and £ is wave vector. Therefore,
it is possible to relate the phenomena of band shifting in the structure below the surface of
materials.

The carbon atoms in graphite arranged in a hexagonal structure where one carbon atom forms
covalent bond with three surrounding atoms [20]. It is well known that carbon has a valence of 4
and can make four bonds. Therefore, 3 electrons of carbon forms 3 bonds among themselves, and
other free electron floats freely between two layers of carbon plates as shown in Fig. 6.1(a). This free
electron is delocalized and mobile, thus it can conduct electricity and give graphite the property of
an electric conductor despite being a non-metal. A force is created between these two layers of

carbon with the aid of the electrons known as Van Der Waal forces [27,28]. A. C. Ferrari studied the

origin of the D and G bands along with second order D peak of the graphene [29].

0.14 nm

bonds

(a) Graphite structure (b) TNT structure

Figure 6.1: Structure of (a) Graphite and (b) TNT.

Graphene is the two-dimensional (2D) building block for carbon allotropes of every other
dimensionality. It can be stacked into 3D graphite, rolled into 1D nanotube, or wrapped into 0D
fullerenes. The G and 2D Raman peaks change in shape, position and relative intensity with number
of graphene layers. This reflects the evolution of the electronic structure and electron—phonon
interactions. The broad range of excitation energy of graphite which lies between 1.91 and 2.52 eV
i.e. 649 and 488 nm range, showing the first and second order Raman spectra of the graphite [29-

33]. Raman spectroscopy is a well-established tool for vibration spectroscopic analysis and employed
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for identification and detection of explosives. Xiaofeng Wang et al. analyzed Raman spectra of
industrial TNT dissolved in acetone and reported the seven number of major Raman bands [34].
They have used diode pumped Nd: YVO4 solid laser at wavelength 1064 nm as an excitation source.
In the present case, we have recorded the solid TNT Raman spectra using A = 532 nm (model:
Witech focus innovations 300 system software, with central wavelength 600 nm). The Raman lines

of TNT obtained at 1064 nm from [34] and 532 nm wavelengths (in our case) are listed in Table

6.1.
Table 6.1: TNT Raman lines at 1064 nm and 532 nm wavelengths

Raman lines (cm™)
1064 nm at 532 nm Desctiption
1616.9 1617.95 C=C aromatic stretching vibration
1533.9 1537.26 NO, asymmetric stretching vibration
1360.1 1365.14 NO, symmetric stretching vibration
1210.5 1214.70 CH,-C vibration
822.9 826.25 nitro-group scissoring mode
792.3 795.27 C-H out-of-plane bend)
326.7 326.16 framework distortion mode
N =N =N
N N N"*N NN NN
T \ N_ N~ N_ N-z
HN NH < B HoN—_ 1T
N N NO- +I\El_"N NO,
(i THN T —
N. NH N 4 l}]H b > 4 i‘,
N’ NN N N
g 3 e 4-nitro-1H-imidazol-3-ium 4-nitro-1H-imidazol-3-ium 5-amino
ég é?ﬁ?c;eltg:n‘:‘::frgjﬁgz13;')pr°pa”e 3-(1H-tretrazol-1-yl)-1,2, 4-triazole-1-ide  -3-(1H-tretrazol-1-yl)-1 2 4-triazole-1-ide
Chemical Formula: CGH6N1002 Chemical Formula: CGH7N1102
(a) DS51 (b) DS90 (c) DS93
NH2 N
uN e g
I N LN R N gy —
N. N \5/ HoN H N ) _ JIg N__N
/4 ] N N N N HoN H
HN—C_ | NN NN
N - N O NH2 E«IHQ
i H *HN &N FHN
+ i _L i QL I N
HgN NH N NHQ HaN ” HoN N
3-(1H-tetrazol-1-yl)-1H-Cabohydrzidium ion 950 ddmino 11 12,4 tazor 2 UM 809 97
; ; -(propane-1,1,3,3-tetrayl-1-ide
Chemical Formula: C,H. N..,O . )
4 1012 Chemical Formula: C, H,N. .
(d) DS99 {e) DS107

Figure 6.2: Structures of (a) DS51 (b) DS90 (c) DS93 (d) DS99 and (e) DS107.
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When laser irradiates the mixture of HEMs in graphite, it provides double resonance Raman lines
between them due to the electron-phonon or phonon-phonon interactions. This is possible due to
pi-orbitals coupling, which leads to shift in the D and G bands of graphite as well as TNT Raman
bands in the mixture. However, other energetic materials reported in this chapter do not show any
Raman spectra at 532 nm wavelength. In this case, the Raman spectrum of graphite shows shift and
observed that variation in the intensities of D and G bands. This confirms pi-electron coupling
between HEMs and graphite. Therefore, our study shows that graphite plays an important role in
the recording of photoacoustic fingerprint spectra of TNT and other HEMs such as nitrogen-rich
imidazole, 1, 2, 4-triazole and tetrazole-based compounds as shown in Fig. 6.2. The micro structural
changes are predicted in terms of shift in Raman lines of graphite and TNT mixture. The physical
implications of Raman bands in the identification of explosives can be more efficiently realized

when it is combined with pulsed PA spectroscopy technique.

6.2. Selection of graphite as sensor of HEMs in the 532 nm wavelength range

The experimental set up used for this study is shown in Fig. 2.4 (chapter-2). The experiments carried
out in four steps: in the first step, the PA spectra of carbon black i.e., WB, GP and soot obtained
from diesel recorded at different data acquisition time and incident laser energies. In the second
step, the quantity analysis of PA signal of different samples was carries out after calibration and
recording the responsivity. In the third step, the Raman spectrum of carbon blacks, diesel soot and
HEMs in graphite mixture were recorded. Finally, the PA spectra of solid HEMs mixed with

graphite mixture were recorded.

6.2.1. PA spectra of wood black, graphite powder and diesel soot

It was observed that PA spectra of all samples lie between 0-40 kHz range. The acoustic modes
between 0-5 kHz possess higher response than the 5-40 kHz range. Moreover, 0-5 kHz is
predominant by external noise. However, within 5-40 kHz range the excited acoustic modes show
pair of peaks with considerable intensities. Therefore, it is decided to characterize the PA spectra of
samples between 5-40 kHz range and presented PA spectra of samples within this range in their
respective figures.

Fig 6.3(a-c) shows the PA spectrum of WB, GP and DS samples recorded at data acquisition time
(A=1 ms. The incident laser energy (E,)=3.25 m] is used for WB and GP, while E;,=1.0 m] for DS.
Inset figures exhibit the corresponding time domain PA signals. The excited PA modes for WB are
located at 13.9, 19.0, 23.9, 29.5 and 31.3 kHz and their corresponding strengths are of the order of
6.91, 12.11, 21.94, 20.10, and 13.91 mV. Out of which the sharp intense peak appears at 23.9 kHz.

104



Chapter 6 Identification of solid HEMs in graphite mixture

wB

GP

PA signal (mV)

DS

10 15 20 25 30 35 40
Frequency (kHz)

Figure 6.3: PA spectra of (a) WB (b GP and (c) DS.

The excited PA modes for GP are located at 11.2, 14.1 15.1, 18.7, 29.7 and 31.3 kHz having
intensities 3.72, 7.12, 7.09, 12.75, 21.09 and 17.17 mV. The PA spectrum of GP has single intense
peak at 18.7 kHz along with a pair of signature peaks at 14.1 and 15.1 kHz. The intense acoustic
modes for DS are located at 30 and 20 kHz having intensities 22.74 and 7.05 mV. Other excited
acoustic modes are present at 6, 9.2, 13.5 16.3, 19.9, 29.6 and 31.3 kHz and having the intensities of
order of 1.82, 2.09, 2.08, 5.55, 6.69, 21.75 and 22.74 mV, respectively.

6.2.2. Comparative study of PA spectra of carbon samples

6.2.2.1. Data acquisition time

Fig 6.4(a) depicts the PA signal recorded at E,=3.25 m] for WB and GP, and E,= 1.0 m] for DS
with respect to different data acquisition time. The excited acoustic modes show exponential decay
behavior. The decay time of WB and DS is 0.34 ms, while for GP it is 0.35 ms. GP has faster decay
time than the other two samples. Therefore, the excited acoustic modes of GP show moderate PA

response as compared to WB and DS.

6.2.2.2. Incident laser energy

Fig. 6.4(b) displays the PA response of carbon samples with respect to incident laser energy. This
study highlights the effect of E,, on carbon blacks in terms of their time resolved spectra. GP shows
little PA response as compared to the WB. However, DS shows the strongest response even when

E,, is very low, it shows the saturation behavior at 0.7 m].
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Figure 6.4: PA signals vs (a) #, (b) E,, (c) weight of samples, and (d) Lorentz fit of sharp intense modes and 30 kHz

in

mode (inset).

Table 6.2: The responsivity of PA cell with respect to incident laser energy and weight of sample.

Sample Ein: Weight:
Responsivity (V/J)  Responsivity (V/g)

WB 7.8 4.65

GP 3.88 4.2

DS 29.0 8.23

The PA responsivity of carbon blacks are measured by means of linear fitting of data points
recorded before saturation point. The responsivity of WB, GP and DS is shown in Table 6.2. It is
observed that the responsivity of DS is much higher than that of WB and GP. The minimum energy
E,= 1.0 m] is required for the generation of PA signal for WB and GP, while DS needs only 200 u]J
to produce a similar spectra. WB and GP are quite stable while DS is more volatile in nature.
Therefore, a minimum laser energy is required to excite the DS sample. The full width at half
maximum (FWHM) of the excited acoustic modes decrease with further increase in the incident
laser energy [35]. The intensity ratio of the first predominant PA mode with respect to the second

maximum mode (I./1) for WB and GP are 0.842 and 0.813, respectively, at E,=3.25 m]. However,

106



Chapter 6 Identification of solid HEMs in graphite mixture

for DS the ratio of I./I;is 0.29 at E,= 1.0 m]. The lower values of I /I; provides the significant
information about the parallel excitation of acoustic modes of PA cavity with respect to the incident
laser wavelength. The I,/I; ratio of GP is lower than that of the other two samples, which implies

that PA modes for graphite show linear behavior because of its well-defined crystal structure.

6.2.2.3. Weight of sample

Sensitivity/responsivity of the PA system is recorded with respect to different amount of samples.
The PA signal increases linearly with sample weight until it becomes equal to the buffer weight.
However, after crossing the buffer weight, there is a sharp fall in PA signal. We have recorded the
PA signal from a homogeneous mixture of carbon blacks in silica gel matrix. The experiment was
repeated several times using different concentrations of the homogeneous mixture of silica gel with
each carbon sample. The background noise signal (BS) recorded using pure silica gel. The value of
BS is less than 1.0 mV.

Fig 6.4(c) shows the responsivity of PA signal with respect to the weight of sample. As
summarized in Table 6.2, the linear fit of the experimental data provided the responsivity of PA cell
with respect to weight concentration of the samples. The response of PA signal of three samples is
of the order of DS > WB > GP. Higher intercept values indicate that the strength of PA signal is
greater at an initial concentration of the sample. Consequently, higher slope values show the high

linear response of sample with respect to weight.

6.2.2.4. Quality factor

Quality factor ‘QQ’ is defined in terms of the ratio of accumulated energy to that of energy loss per
cycle. It is a ratio of the central frequency (w) to FWHM (Aw) of the corresponding acoustic mode.
Fig 6.4(d) shows the Lorentz fit of the maximum intensity modes of WB, GP and DS, while inset
displays the Lorentz fit of 29.5 kHz mode. It provides the information about the central frequency
(w) and FWHM (Aw) which is required for calculating the quality factor. Fig. 6.4(d) clearly shows
that WB and DS have sharp intense profile than the GP. At 29.5 kHz mode, the Q values of WB,
GP and DS are 16, 5 and 19 respectively. The Q value of GP is less compared to other two samples.
The order of the quality factor of carbon blacks is related to their microscopic structure, and it varies
from carbon blacks of different sources of origin. Moreover, Q-factor is also related to loss of
energy in the cavity for the given sample.

The comparative study is based on £ E,, weight and Q) of PA cavity which provides significant

information about GP and its application for detection of explosive. It has less responsivity as

compared to the WB and DS. If we mix the energetic materials with WB and DS the response of

107



Chapter 6 Identification of solid HEMs in graphite mixture

pure samples is much stronger than the mixtures. However, purity of WB and DS varies from their
respective sources and adulteration in diesel, and graphite as additional Raman lines. Therefore, for
identification explosives using visible 532 nm wavelengths, GP is found to be the most suitable host

medium.

6.2.3. Raman spectra of carbon blacks

Fig 6.5 shows the Raman spectra of carbon blacks. It was observed that GP shows additional
Raman lines as compared to the other two samples. For instance, the peak at 2450 cm™ and 2700
cm” (2D band) is due to double-resonance Raman scattering. WB and DS have similar spectra with
a small shift in Raman bands. The strongest Raman peak (G bands) of WB, GP and DS are
observed at 1580.82 cm™’, 1585.77 cm and 1597.50 cm’, respectively. The second highest peak (D
bands) is found at 1342.62 cm™, 1361.01 cm™ and 1356.51 cm”. However, GP shows additional
Raman peaks at 2712.26 cm™ and 3242.48 cm™ and represents the 2D and 2G bands. Moreover, it
has another line at wave number 2464.5 cm’ (known as the G* band). The ratio of Raman
intensities of D, G peaks i.e. I,/1 for WB, GP and DS are 0.935, 0.575, and 0.947, respectively. The
intensity ratio is also treating as an important parameter to ascertain the quality of carbon blacks.
The exciting wavelength of WB and GP for the Raman spectra is 531.91 nm, and for Diesel it is
531.78 nm. The ratios of I/1; (PA) and I,/I; (Raman) values of GP are lower than WB.
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Figure 6.5: Raman spectra of carbon samples.

Raman spectrum of graphite has first order spectrum band at 1585.77 cm™, and it has a high
intensity second order peak at 1361.01 cm™', which is due to presence of disorder at the focal spot of
the laser. The G* and D* bands of graphite leads to across the Fermi energy level and is responsible
for the resonant transition from the state ‘I’ in the valance band to the state ‘4’ in the conduction

band. The excited electrons are scattered by phonons of arbitrary wave vector ‘4. The PA spectrum

108



Chapter 6 Identification of solid HEMs in graphite mixture

that is recorded without focusing the laser beam at wavelength 532 nm/1064 nm is attributed to ‘G’
mode of Raman spectra. The intense laser energy enhances the probability of presence of D, D* and
G* bands. Due to presence of these bands compared to WB and DS, GP work as a sensor for

identification of HEMs.

6.3. Identification of TNT in GP graphite matrix using 532 nm

The PA spectra of TNT mixed with GP in equal ratios are recorded at # = 1 ms. GP shows strong
absorption at 532 nm due to its lower band gap. The phonon waves present in D and G bands of
graphite transfer their momentum to the D and G bands of TNT, which enhances the process of
vibronic level transitions of TNT leads to absorb 532 nm by TNT molecules and help to generate
the acoustic signal. The obtained acoustic signal is the resultant of GP and TNT mixture. The PA
spectra of pure samples for GP and TNT were also recorded where the maximum background noise
signal is 0.45 mV. In case of pure TNT, a small signal is detected after crossing the laser incident
energy of 1.5 m]. The generated acoustic signal of pure TNT is feeble in nature. Even high incident
laser energy does not succeed in increasing the strength of the PA signal.

Fig 6.6 shows the normalized offset intensity counts of Raman spectra of GP, TNT and the
mixture of GP+TNT samples. TNT has 16 numbers of Raman lines, which lie in the range of 150-
3200 cm™. It has three strong vibronic Raman lines at 1537.26 cm™,1365.15 cm™ and 1617.95 cm’,
confirming the presence of NO,, CN bond stretching and benzene ring in the molecule of
deformation. The strongest Raman line for TNT is present at 1365.15 cm™ that coincides with the D
band of graphite. The disorder band (D) of graphite is also responsible for the strong double
resonant Raman scattering. It initiates the two-phonon interaction processes [36]. At E,,=3.85 m],
the maximum strength of PA signal of pure graphite is around 9.4 mV while for pure TNT, it is 2.13
mV, whereas for the mixture of TNT and graphite, it is of the order of 64.54 mV (at 32.5 kHz
range). It means that graphite can transfer momentum from its phonon waves, which are produced
due to double resonance Raman Effect.

Most importantly, we observed that the G-band in GP (~1585.77 cm™) is downshifted towards
~1581.74 cm™ after interacting with TNT. This downshift is of the order of 4 cm™ and can be
explained with the help of electron transfer mechanism between GP and TNT due to an interaction
of pi-orbitals. Such an interaction could provide the necessary coupling between GP and TNT
resulting in a better PA spectrum as shown in Fig 6.7. In addition, some of the Raman bands of
TNT are also downshifted which are listed in Table 6.3, confirming coupling between pi-orbitals of
GP and TNT.
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Figure 6.6: Raman spectra of (a) GP+TNT (b) TNT (c) GP.

Table 6.3: Shifted Raman lines of samples.
Raman lines

Actual lines of graphite : 1585.77  2440.60 2710.49
Shifted to (in mixture) : 1581.74 2400.75 2720.69

Actual lines of TNT :  265.12  330.84 1091.48 1214.70 1537.26 3106.96
Shifted to (in mixture): 269.83 326.16 1087.20 1210.48 1533.20 3110.25

Fig. 6.7(a-c) depict the PA spectra of TNT, GP and GP+TNT, respectively at # =1 ms with
different incident laser energies. The intensity of PA spectrum for the mixture of TNT+GP is 12.5
times higher than the intensity of PA signal of pure TNT. It is attributed to the small, negligible
absorption of TNT at 532 nm. The acoustic mode frequencies (between 5-40 kHz range) and their
corresponding strength of PA signals for the pure GP and TNT and the mixture of TNT with GP at
=1 ms, E,=3.85 m] are given in the Table 6.4. The first six predominant acoustic modes of GP are
located at 29.7, 31.3, 18.7, 14.1, 15.1, and 11.2 kHz. While for TNT, these modes are located at 32.2,
30.3, 35.2, 19.9, 21.3 and 6.0 kHz. In case of TNT and GP mixture the predominant modes are
located at 34.7, 9.2, 32.4, 20.1, 9.2 and 13.5 kHz. The strength of PA signal of TNT+GP is higher
than the pure samples. Further enhancement of the strength of PA signal of TNT mixed with GP
was observed with respect to incident laser energy. Therefore, it provides a new nondestructive and

dry analytical tool for the detection of explosive molecules. The presence of a pair of peaks in PA
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spectra of TNT and graphite between 15-22 kHz and 27-34 kHz ranges also confirms the effect of

double resonance where the acoustic signal produced due to phonon waves [29,37].
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Figure 6.7: PA spectra of (a) TNT (b) GP (c) GP+TNT (d) PA signal vs percentile change in weight of TNT.

Table 6.4: The resonance acoustic modes of PA cell and their strength of PA signals.

GP £ 112 141 151 187 297 313
I 372 712 7.09 1275 21.09 17.17
TNT f 6 8.6 132 174 199 213 303 323 352

I 063 058 044 057 126 0.78 171 213 1.40

TNT f92 135 201 237 292 324 347 410
with GP I 17.07 11.6 37.04 6.7 705 06454 1253 0.98

Fig 6.7(d) shows the response of PA signal of ~32 kHz mode with respect to the change in
percentile (%) weight of TNT in graphite matrix at #= 1 ms for different incident laser energies. The
energy varies between 0.5 to 2.5 m] range. The acoustic modes with E;, show similar absorption
behavior. Therefore, the response of PA signal was recorded within the 0.5 and 2.5 m] range. The
frequency of excited acoustic mode does not vary, but the corresponding strength of PA signal
varies due to incident laser energy. It was also observed that all other excited acoustic modes show
similar behavior. Moreover, the PA signal of GP and TNT mixture shows exponential growth of 66
% of TNT, and then it shows downfall with saturation. The graph shown in Fig 6.7(c) confirms that

TNT is contributing towards the enhancement of generated PA signal. The initial strength of PA
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signal of pure graphite is 11.85 mV at E,, = 1.5 m] while for TNT it is negligibly small and treated to
be zero. However, the mixture of GP and TNT has higher response as compared to pure individual
samples. This supports our inference of optical phonon wave’s momentum transfer between
graphite and TNT due to double resonance Raman Effect. If TNT acts as a buffer medium, the
strength of PA signal is less, as compared to the signal of pure graphite. Therefore, TNT does not
play the role of buffer medium because the strength of PA signal shows rapid growth with respect to
change in concentration of TNT in graphite and TNT matrix.

The phenomenon of double resonance Raman Effect can also be explained using bond lengths
and band gaps of graphite and TNT. Graphite show SP? hybridization with a hexagonal crystal
structure and has three o bonds and one © bond, which is associated with weak Vander wall forces.
The values of bond length and band gap of graphite are 1.421°A and -0.04 eV, respectively. Due to
low value of the band gap of graphite, it is liable to absorb low energy electromagnetic radiation.
Whereas TNT has the band gap of the order of 2.70 eV, this matches with the UV wavelengths (in
the case of electronic transitions). The free charge carriers present in graphite molecules easily
conduct from valence band to the conduction band due to absorption of incident wavelength. These
free charge carriers are responsible for supply of heat energy in form of phonon momentum to TNT
molecules. As a result, there is a provision that TNT molecules indirectly absorb the incident
radiation, which leads to generation of strong PA signal, which is detected by microphone. The
generated PA signal is considered as a resultant of the mixture of TNT and graphite. Therefore, we
have experimentally demonstrated the potential use of 532 nm laser pulses for identification of TNT

molecules with graphite mixture using the time resolved pulsed photoacoustic technique.

6.3.1. Minimum detectable concentration

We have used 20 % TNT as a minimum quantity in graphite matrix as shown in Fig 6.7(d). The
intensity of PA signal at 20 % TNT decreases as compared to pure graphite signal at 0.5 m] energy.
Further, increase in the incident laser energy, the intensity of PA signal shows highest intensities at
20 % TNT. However, at 1.0 m] the intensity of PA signal increases to 7.5 mV (pure graphite signal
is 3.2 mV). Therefore, the selection of low incident laser energy is suitable for measuring the
detection sensitivity of the sample. The linear fit of data points ranging between 20-50 % TNT
intersects the x-axis at 7 %. Therefore, estimated minimum detectable quantity of TNT in graphite
matrix is 7 %. In this study, we proposed the use of pulsed PA technique for identification of the
TNT molecules in graphite matrix using 532 nm wavelengths. This is a dry analytical technique
compared to all other existing techniques. Most importantly, it is showing the use of visible laser for

the detection of TNT.
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6.4. Identification TNT in graphite matrix using 1064 nm

Fig. 6.8(a,b) shows the PA spectra of GP and GP+TNT, at #= 1 ms at incident laser energy 2.0 m].
It is clearly observed that shift in the frequency of acoustic modes for mixture of TNT and graphite
from pure graphite. For the mixture of graphite and TNT, the acoustic modes show pair of peaks
and broad profile in the domain of 28-35 kHz. The pure graphite has several small intense acoustic
modes, whereas in the mixture of TNT and graphite these modes are overlapped each other and
amplified almost 10 times. Therefore, it confirms that the graphite and TINT molecules are double

resonant to each other with excitation of 1064 nm wavelength.
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Figure 6.8: PA spectra of (a) GP (b) GP+TNT, at 2.0 mJ, t = 1 ms.

Table 6.5: Excited acoustic modes and their intensities of GP and GP+TNT at 1064 nm.

GP kHz: 8.9 129 154 19.0 233 26.1 28.1 34.3

mV: 1.79 259 1.66 0.08 1.61 1.81 5.32 4.46

GP+TNT kHz: 9.6 133 20.1 30.1 32 36.1

mV: 322 433 16.86 32.78 52.56 7.28

Fig. 6.9(a,b) shows the PA spectra of GP and GP+TNT, at t = 1 ms between 0.5-3.0 m] range.
The excited acoustic modes for pure graphite and mixture of TNT with graphite are shown in Table
6.5. The pure solid TNT molecules provide the intensity of PA signal of the order of 1.8 mV, at
E,.=3.0m] and #= 1 ms. It is clear that pure graphite shows negligible intensity at 0.5 mJ, however,

the mixture of TNT and GP shows significant rise in PA signal. The intensity of PA signal for
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mixture of TNT and graphite has 10 times higher than the pure graphite signal. This confirms that
the pi- electrons of TNT and GP are coupled with excitation of 1064 nm wavelength. As a result,
highest strength of PA signal is obtained for mixture of TNT and graphite. It was clearly observed in
PA spectra (of samples) the excited acoustic modes of the mixture of TNT and GP shifted from

pure GP acoustic modes.
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Figure 6.9: PA spectra of (a) GP (b) GP+TNT.

6.5. Identification of solid nitrogen-rich imidazole, 1, 2, 4-triazole and
tetrazoles

6.5.1. PA spectra of DS-51, DS-90, DS-93, DS-99, and DS-107 mixed with graphite

Fig. 6.10(a-f) shows the PA spectra of pure GP and DS51, DS90, DS93, DS99, DS10 samples with
GP, at E, =1.5 m], 7=0.5 ms for excitation wavelengths 532 nm and 1064 nm. Many of these
compounds mixtures in graphite show higher PA signals at 532 nm than at 1064 nm. Fig. 6.10(a)
shows the strongest PA mode at 4 kHz for 532 nm wavelength, but other acoustic modes have
higher strengths at 1064 nm. The strength of the PA signal of some predominant acoustic modes
present at 4 kHz in case of 532 nm has higher value as when compared to the 1064 nm. Except the
strongest cavity mode, i.e. 4 kHz there is a shift in the frequency of remaining other modes from
one compound to another. It shows that the absorption mechanism of each mixture varies due to its
structure. The excited acoustic modes of DS samples mixtures in graphite and their corresponding
intensities summarized in the Table 6.6. It clearly shows the predominant order and central

frequency of acoustic modes vary from one sample to another sample in graphite mixture.
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Figure 6.10: PA spectra of DS samples with graphite for 532 and 1064 nm at E;j,=1.5 m]J. 7=0.5 ms

Table 6.6: Excited acoustic modes in kHz (first line), intensities in mV (second line)

Sample 532 nm 1064 nm
GP 19.4 28.6 32.4 35.0 13.8 19.8 22.6 24.8 324 36.2
55 19.8 104 11.0 445 105 83 59 495 223
DS51+GP 19.2 22,6 31.2 352 140 22 318 354
185 145 799 8.0 72 45 51.1 369
DS90 +GP 13.8 22.0 322 36.2 20.4 29.0 32.0
58 54 304 85 9.1 38.4 84.1
DS93+GP 13.8 32.0 36.0 14.0 22.6 25.2 32.6 36.0
349 743 20.8 74.6 769 9.3 80.9 2596
DS99+GP 142 204 314 36.2 13.8 202 232 32 364
252 10.6 81.5 14.6 18.85 6.1 9.49 29.54 16.3
DS107 +GP 140 200 234 322 36.2 13.6 228 324 36.6
239 94 82 598 4525 37.54 1292 6091 31.64

6.5.2. Effect of Incident laser energy

Fig. 6.11 shows the PA spectra of GP and DS samples mixed with GP and inset figures shows the
behavior of predominant acoustic modes with respect to incident laser energy for excitation
wavelengths 532 nm and 1064 nm. The acoustic mode frequency values are similar with respect to
increase in the incident laser energy but the corresponding strength of signals and the predominant
otrder varies from sample to sample. The strength of the PA signal of HEMs in graphite mixture
shows growth without saturation with respect to incident laser energy. This confirms that the
phonon waves of graphite and HEMs compounds are strongly interacting with each other and lead

to generation of strong PA signal without saturation.
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Figure 6.11: PA spectra vs incident laser energy of (a,b)GP,(c,d) DS51, (e, f) DS90, (g,h) DS93, (i,j) DS99 and (k,I)
DS107 in graphite matrix at 532 and 1064 nm, respectively.

6.5.3. Non radiative decay time

Fig. 6.12 shows the first derivative time domain signal for samples at incident laser energy 1.5 m]
and # = 0.5 ms for excitation wavelengths 532 nm and 1064 nm. It is clear from Fig. 6.12 the pulse
train of PA signals is different from one sample to another. The maximum number of predominant
peaks is more than five and its order changes with respect to samples. We have measured the
nonradiative decay time (IN) of samples from its first derivative, because the time domain signal in
usual form is complex and it is difficult to find out the exact decay point from the signal. The
obtained N, values are listed in Table 6.7. It is observed that in case of both wavelengths the
nonradiative decay times of mixture of HEMs in graphite is higher than the pure graphite. This
reveals that the velocities of sound in mixtures are stronger than the pure graphite. The compound
mixture of DS90+GP has higher N, values compared to other compounds. It has 18.8 and 18.4 us

decay times in case of 532 nm and 1064 nm respectively.
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Figure 6.12: First derivative of time domain signal for sample mixtures at Ei,=1.5 mJ, t =0.5 ms.

Table 6.7: Nonradiative decay times of samples.

Sample N: (us)
532nm 1064 nm
GP 15.4 14.4
DS51+GP 18.6 14.8
DS90 +GP 18.8 18.4
DS93+GP 18.8 17.2
DS99+GP 17.4 15.2
DS107 +GP 154 15.0
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6.5.4. Raman spectra

Fig. 6.13(a) shows the Raman spectra of DS samples mixed with graphite. The pure DS samples do
not show any Raman spectra employing 532 nm wavelength. While these samples mixed with
graphite, each molecule spectra shows the Raman spectra of graphite with variations in the intensity
of peaks. The ratio of intensities between G and D bands of graphite vary with respect to mixture of
DS samples. Fig. 13(b) shows the ratio of I, and I for the mixture of graphite and DS samples. It is
clear from figure DS99 ratio is high as compared to the other samples. GP has high I,/I. value;
showing high variation in the intensity of bands, while in case of mixtures these ratio values are in
decreasing order. Thus, it indicates that these samples are interacting with graphite and as a result,
these two bands are simultaneously rising with each other. Table 6.8 shows the Raman lines of pure
graphite and DS samples mixtures in graphite. It clearly shows that the Raman lines of graphite
shifted in the mixture HEMs confirming that the either phonons or pi-orbital electrons are coupled

to energetic materials.
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Figure 6.13: (a) Raman spectra (b) intensity ratios.

Table 6.8: Raman shift.

GP GP+DS51  GP+DS90 GP+DS93  GP+DS99  GP+DS107

1361.01  1356.86 1352.72 1348.57 1352.72 1352.72

1585.77  1585.77 1585.77 1577.7 1581.74 1585.77

2440.6 2465.84 2455.03 2444.21 2458.64 2462.24

2710.24  2713.73 2720.73 2706.76 2706.76 2720.69

2882.49  2943.44 2943.44 2923.16 2943.44 2946.82

3240.95  3247.43 3244.95 3231.24 3244.19 3227.99
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6.6. Conclusions

The time resolved photoacoustic spectra of wood black, graphite powder, and diesel soot have
been successfully recorded using 532 nm, 30 ps pulses obtained from Nd: YAG laser systems. Due
to higher band gap of TNT, it has no absorption at 532 nm, however, the Raman spectra of mixture
of graphite and TNT explosive provides a downshift (~4 cm™) in the ‘G’ band of graphite as well as
some shift in the other principal bands of TNT. This confirms the electron transfer mechanism
between these samples due to the interaction of pi-orbitals. In addition, the double resonance peaks
in PA spectra of graphite provides the phonon wave momentum transfer between graphite to the
TNT molecules. Therefore, graphite is used as a sensor to identify the solid TNT molecules in terms
of time resolved photoacoustic fingerprint spectrum. The selection of graphite as a potential
candidate for getting strong photoacoustic spectra is also evaluated by means of data acquisition
time, QQ-factor and its response with respect to the incident laser energy as well as quantity of
sample. The effect of percentile change in the weight of TNT in the graphite matrix has been
examined to identify the potential use of the photoacoustic technique for identification of TNT with
visible 532 nm wavelength. The minimum detectable quantity of TNT in graphite matrix is of the
order of 7 %. The present study may open up a new channel for the detection of solid explosives
using visible light without any chemical treatment. Based on the obtained results from PA and
Raman spectra, we have extended this modality using 1064 nm wavelength. The laser wavelengths
532 nm, 1064 nm were also used to record the PA spectra of nitrogen-rich imidazole, 1, 2, 4-triazole
and tetrazole-based solid compounds mixtures in graphite matrix. The presented results confirmed
that graphite could be used as a sensing medium for recording time resolved photoacoustic spectra

of solid explosives.
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Chapter 7

Terahertz generation, detection and its application in
photoacoustic spectroscopy

Abstract

This chapter deals with the THz generation using optical rectification process in an indigenously
grown organic salt 4-N, N-dimethylamino-4’-N’-methyl-stilbazoliumtoyslate (DAST) and
commercially available zinc germanium phosphide (ZnGeP,) crystals using optical parametric
amplifier pulses of 60 fs, repetition rate 1 kHz. In addition, oscillator pulses of 150 fs duration,
tunable between 800-850 nm were also employed to measure the output power of THz generated
from DAST crystal. We have selected two rotational lines i.e. J= 19, 58 of pure N,O gas and record

the PA spectra of nitromethane and methanol vapor by using 0.5 and 1.5 THz band pass filters,

respectively.

A part of the work presented in this chapter is published below journal:
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7.1. Introduction

n recent years, the generation and detection of wide band terahertz (THz) radiation (0.1-10 THz)
Iusing optical techniques immerged as a new non-destructive tool for spectroscopic application.
Moreover, it has potential use in the characterization of proteins, pharmaceuticals, explosives and
narcotic drugs etc [1-5]. The generation of tunable THz radiation is achieved by means of different
optical processes such as photo conductive (PC) antennas, electro optic (E-O) sampling, difference
frequency generation (DFG) and optical rectification (OR) etc [6-13]. The OR is one of the effective
techniques for the generation of powerful THz signal using ultrashort pulses. Some of the nonlinear

crystals, which are suitable for THz radiation using OR process, is given in Table 7.1.

Table 7.1: Properties of some suitable nonlinear crystal used in optical rectification.

Electro optic Nonlinear Optical Group THz Absorption NTH,-
Material  coefficient coefficient ref. index ref. index ref. index coefficient Nopt

r(pm/V) d (pm/V) Nopre* n* Mpry ot (cm™)
CdTe 4.5 81.8 2.92 3.73 3.23 4.8 0.31
GaAs 1.43 65.6 3.68 4.18 3.601 0.5 -0.07
GaP 0.97 24.8 3.18 3.57 3.34 1.9 0.16
ZnTe 4.04 68.5 2.87 3.31 3.17 1.3 0.3
GaSe 1.7 28 2.85 3.13 3.72 0.07 0.87
LiTaOs  30.5 161 2.145 2.22 6.42 46 4.275
LiNbOs;  30.9 168 2.159 2.23 5.16 16 3.001
DAST 77 618 2.38 3.31 2.4 150 0.02

In the present case, we have generated the terahertz radiation from DAST crystal using optical
parametric amplifier pulses tunable between 0.8-1.6 pm, range. Enhancement of THz signal in OR
process can be achieved by matching the refractive index of generated THz radiation and
corresponding group index of incident optical pump beam [14]. The phase velocity of THz and the
group velocity of the optical pump beam are very close to each other due to low dielectric constant
of the DAST crystal [15]. Therefore, it can generate efficient THz radiation, which is further used
for the spectroscopic applications.

The organic crystal: 4-N, N-dimethylamino-4’-N’-methyl-stilbazoliumtoyslate (DAST) is one of
the promising crystal for generation of terahertz generation using different types of nonlinear optical
processes [16,18]. It has several interactive features such as large nonlinear optical susceptibilities
(d;,>1000 pm/v), large electro-optic coefficients (r;;=92 pm/v) and wide spectral phase matching
range for THz generation between 720 nm to 1650 nm [15,19-21]. The second order nonlinear
coupling coefficient (d.;) DAST is much higher than the other well known nonlinear crystals such
as ZnTe, GaSe, CdTe [22,23]. Moreover, it has good transparence between mid to far infrared
wavelength range [24]. We report the generation of efficient THz signal from indigenously grown

organic nonlinear crystal DAST, which is grown along the direction of (001) plane. It belongs to
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monoclinic space group Cc, point group m, with four molecules units for unit cell [25,26]. It is a
positive biaxial crystal, which has high nonlinearity coefficient and broad transmission between 0.8
pm (infrared) to THz range (10 THz). Therefore, DAST crystal is treated as one of the promising
candidate for generating wide band THz radiation using OR process [27-30].

The efficient THz radiation is generated by selecting suitable wavelengths in the near IR region
where d; of the crystal has maximum value. Bosshard et al. reported the d,; values of DAST crystal
using Marker-Fringe experiment [31]. The d; values at 1.318 um are d,;; =1010£110, d,,, =96%9 and
d,,=53%12 pm/V, while for 1.542 pm it have d,,,=290%15, d,,, =41£3 and d,,= 253 pm/V,
respectively. DAST is a positive biaxial crystal and its refractive indices are of the order of n.>n>n,
The principal XY plane behave like a positive uniaxial and YZ plane like a negative uniaxial crystal.
In case of OR process, the extraordinary polarization is selected for pump beam, therefore the

generated signal i.e. THz or second harmonic wavelengths are also extra ordinary polarised. The

refractive indices of pump and generated wavelengths in XY principal plane are njy (lp) and

njy (Ary,) respectively. The value of niy (Z1:p,THz) is calculated using following expression for biaxial

crystals,

ne (1) =[SO @) | sin®(e) | 2 (7.1)
U G) T niCa)

@is the phase matching angle. The refractive index of DAST crystal at different wavelengths are

calculated using following sellmeier equation [32,33]

2
n2(1) =n2 + ﬂzqfﬂz (7.2)

where, A in pm. The values of #,, ¢ and A, parameter are selected along the X,Y, and Z- axis and

listed in the Table 7.2.
Table 7.2: Values of 7,, g and ..

ny ny n,
n, 2.078 1.585 1.565
q 1.645 0.469 0.234
Ao(pm) 0.533 0.504 0.501

Nitrous oxide (N,O) commonly known as laughing gas is one of the green house molecules. It
can be used as an oxidizer in a rocket motor. Robert Goddard proposed N,O and gasoline as
possible propellants for a liquid-fuelled rocket [34]. Plyler et al. reported the frequencies of the
vibration-rotation spectrum of N,O in the range of 4.405-5.464 um [35]. Palik et al. presented the

pure rotational spectra of N,O between 100 and 600 microns [36]. Mittleman et al. demonstrated the
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detection and identification of polar gases and gas mixtures based on the technique of terahertz
time-domain spectroscopy [37]. Here, the generated terahertz radiation from the DAST crystal is
used to record the time resolved photoacoustic (PA) spectra of N,O using 0.5 and 1.5 THz band
pass filters (BPF). The corresponding THz bands excites the rotational line | = 19, 58, respectively.
Eatlier, the same band pass filters were utilized to design of THz spectrophotometer using LT-GaAs
photoconductive antennas, pyroelectric detector [38].

The DAST (001) crystal was successfully synthesized in the laboratory by adding the reactants 4-
picoline, methyl 4-toluenesulphonate in equimolar ratio and using piperidine as a catalyst. The
synthesized starting material was then purified by re-crystallization process several times before
proceeding for the growth with methanol as solvent. The temperature of the bath (equipped with a
controlled accuracy * 0.01 °C) was kept at 30 °C at which the concentration of the solution was
about 19.8 g/1. Later the temperature of the solution was increased to 40 °C for complete
dissolution and maintained this temperature up to 5 hours. Subsequently, the temperature of the
solution was slowly lowetred to 30 °C with a cooling rate of 0.10 °C/h. The growth was performed
by isothermal slow evaporation technique at 30 °C. Transparent single crystals of DAST were
harvested after a period of about 10 days A typical DAST crystal (with a dimension of 3 x 3 x 0.28

mm’) thus grown in the laboratory is shown in Fig. 7.1.

Figure 7.1: The picture of DAST crystal (001).

7.2. Experimental Details of THz based PA spectroscopy

The DAST crystal was then studied for its THz generation efficiency. The experimental layout
employed for this study is shown in the Fig. 7.2. The required tunability of pump wavelength was
obtained from an optical parametric amplifier (TOPAS-C, Coherent). The input wavelength for
OPA was supplied from regenerative amplifier, which provides an output wavelength of 800 nm,
pulse duration 40 fs and repetition rate 1 kHz. The tunable optical pump radiation obtained between
0.8-1.6 pm was vertically polarized and separated out from their corresponding idler and residual

second harmonics using suitable wavelength separators. The tunable pump beam was directed to
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incident on a 0.28 mm thick DAST crystal for generating the THz signal and its second harmonics.
A Teflon sheet and silicon lens of thickness of 2 and 10 mm, respectively were used as filters for the
residual incident unconverted and SHG signals. The power of generated THz signal was detected by
employing pyroelectric detector (Gentec) which was placed 5.0 cm away from the crystal whereas
second harmonic signal was detected in transmission mode using USB 4000 Spectrometer (Endor),
which can detect the signal between 200 and 1100 nm range. The optical chopper is used to
modulate the pump pulses at the rate of 25.4 Hz which acts as reference for pyroelectric detector
(PED). The modulated pump beam was allowed to incident on the DAST crystal. The generated
THz signal was detected with the help of a pyro-electric head (sensor) connected to a T-Rad system
that consists of pre amplifier, lock-in amplifier, and used for the signal processing. Finally, the
output of the T-Rad was fed to the personal computer (PC) for monitoring the power of the

generated THz signal.

OPA Legend Amplifier Micra
/ 60 fs, 1 kHz ={ 800 nm, 40 fS, 1 kHz ={800 nm,15 fS,76 MHz

23 T-Rad
Aperture Teflon : ;

p Preamplifier —|Oscilloscope

. : THz BPF .

SR | ! PA Cell pgp :

: m :

. m 2 s 3 180 + 1 Microphone

: % 5 | :  2,3Teflon windows
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. N O gas :

: z 6 . 6 Pressure Guage

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Figure 7.2: Experimental set up.

7.2.1. Photoacoustic spectroscopy arrangements

The PA spectrum of N,O was recorded using a cylindrical resonator type PA cell of internal radius
(R) of 7 mm and length (L) of 6.5 cm made of stainless steel. A Teflon, 25 mm diameter sheets and
1 mm thickness were used as a window of the PA cell. A Pre-polarized microphone (BSWA, China)
of responsivity 50 mV/Pa was used to detect the generated acoustic signal. The output signal of the
microphone was fed to a preamplifier, which was coupled to 200 MHz oscilloscope (Tektronix,
US.A). A silicon plate of 50 mm size and thickness of 2 mm was used to stop the residual
unconverted pump pulses. A gold coated parabolic mirror (PM) was used to focus the THz beam at

centre of the PA cell. Two band pass filters (BPF) of 0.5 THz and 1.5 THz (TYDEX) which are
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equivalent to 600 and 200 um wavelength, respectively were placed (one at a time) after the silicon
plate. The PA cell was filled with pure N,O gas at 1 atm pressure. Further details of optics used in

the experiment are shown in Fig. 7.2.

7.3. Generated THz power

In the first step, the position of DAST crystal was optimized with respect to vertical orientation to
achieve the maximum THz power. Fig 7.3(a) shows the variation of THz power with vertical
rotation of crystal for the pump wavelength at 1.13 pm. It shows maximum power of the order of
0.56 uW at 180° compared to its original position. Fig 7.3(b) shows the generated power of THz for
pump wavelength () tunable between 0.8-0.9 pm, 0.93-1.14 um and 1.15-1.6 pum range,
respectively. These pulses of 60 fs duration are obtained at 1 kHz repetition rate. The diameter of
the incident laser beam is reduced to 2.0 mm using a variable aperture.

The unfocused power of (P) =10 mW was used between 0.8-0.9 um range, while in case of A=
0.93-1.14 pm, range, the pump beam was focused on DAST crystal using quartz convex lenses of 10
cm focal length. The incident laser power between 1.15-1.6 pm range was fixed at 30 mW. We have
used three different incident powers in three wavelength regions for the THz signal detection
arrangement using pyro-electric detector, which was chopped between 25.1-26.1 Hz frequency
range. It was observed that 10 mW power between 0.8-0.93 um range is sufficient to generate the
THz radiation. However, OPA systems (TOPAS-C) which was tunable between 0.94-1.14 um range
and did not provide power more than 10 mW after chopping at 25.3 Hz. As a result, the incident
power provides very low THz radiation in this range, therefore, we have decided to focus the 10
mW power. In addition, between 1.15-1.6 um wavelength range the OPA system provides 50 mW
powers after chopping the pulses. Thus, instead of focusing we have increased the power of incident
radiation up to 30 mW to get the higher generation without damaging the crystal.

The generated power of THz signal is directly dependent on incident pump wavelengths. The out
power of THz for the pump wavelength tunable between 0.8-0.9, 0.93-1.14 and 1.15-1.6 um range,
is having 0.03-0.046, 0.02-0.465 and 0.83-4.82 uW respectively. The generated THz power shows
linear growth in the wavelength domain 1.15-1.3 um. After crossing the 1.3 pm, THz power start
decreasing and this trend was continued up to 1.475 um. The maximum power of the generated
THz signal is of the order of 4.83 uW, which was recorded at 1.3 pm. The minimum power of the
otrder of 0.83 pW was recorded at 1.475 pm. Once again, the power of generated THz signal starts
growing between 1.5 and 1.6 pm, range. The highest generated THz power of the order of 0.113 pW
was recorded at 0.85 pm (v,=0.087 THz) between 0.8-0.9 pum, range. The output of the THz
power shows linear growth between 0.93-1.14 um, range. When ultrashort pulses entered into the

nonlinear optical material, the phenominon of OR and SHG occurs simultaniously [19,39].
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Figure 7.3: THz output power vs (a) at A,=1.13 um with respect to rotation of crystal, (b) tunable wavelengths between
0.8-1.6 um range and (c) THz power (d) SH signal intensity at 1.3 um.

In the present case, we have also observed the similar process of THz generation along with
second harmonic signal (SHS). Figure 6.3(c,d) shows the polar graphs of measured powers of THZ
radiation and scatted SH signal respectively, with respect to crystal orientation at optical pump
wavelength 1.3 um having fluency of 0.668 m]/cm”. The generation of the THz and SH signal could
be controlled by the rotating the crystal in its vertical plane for selecting the highest 4. value of the
crystal. Since, the pointing vector, which shows the direction of energy flow of generated signal, is
affected by walk-off effect. In addition, the group velocity matching condition between THz pulses
and optical pump pulses at 1.3 um wavelength in DAST crystal is responsible for the efficient
generation of THz signal [14][40].

This can be explained in the following way: the actual crystal thickness (length) is 0.28 mm. As
per our calculation (using 7 =/, ), the effective length () of the crystal in XY plane for SHG
(using A, =1.3 pm, Agys= 0.65 pum) is 9.6 um. This length is much smaller than the coherence length
of the THz pulses (i.e. 0.28 mm). Consequently, the polarized waves of pump and second harmonics
are not propetly coupled inside the crystal due to group velocity mismatch (6.2484x10° fs/mm).
Consequently, the generated SH signal is not efficient. However, in case of optical rectification, the

velocity matching condition is fulfilled between optical and THz pulses. The measured power of
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generated THz was of the order of 4.82 uW, with the experimental conversion efficiency () =
0.0161 %.

Fig. 7.3(c, d) clearly divulge the effect of generation of second harmonic signal with respect to the
vertical rotation of the crystal. The polar graph is divided into four quadrants where the position of
lobs shows the power of the generated signal. Fig. 7.3(c) shows that the power of THz signal is
maximum at rotational angle between 90-130” and 250-290° range. Whereas Fig. 7.3(d) indicates that
the intensity of SHS is comparatively higher at rotational angle 50 and 3107 respectively. Both
radiations have comparatively less power at 180°. This confirms that the rotation of crystal plays a
crucial role in the generation mechanism of output radiations. The difference in the rotational angle
between maximum powers of both radiations is ~50°. However, the power of THz radiation is
symmetrical in nature with respect to crystal rotation, whereas the SHS curve is unsymmetrical.
Here, there is no loss in the emitted output power of THz, because THz radiation focused through
the parabolic mirror on to the head of the pyro electric detector. Whereas, the crystal orientation
affect the emitted intensity of SH signal because which is a scatted light spread in all directions from
the crystal surface. The fiber coupled USB spectrometer was fixed at one particular position during
the experiment. Therefore, there might be fluctuations in the intensity of SHS in the direction of
USB spectrometer detector head. In the present case, we have measured the generated terahertz
power with pyroelectric detector (which does not provide the temporal profiles of THz radiations).
However, frequencies of generated THz are ascertained by selecting the crystal thickness (0.28 mm)

which is equals to the coherence length (7).

7.3.1. Theoretical consideration for calculation of generated THz frequency

In the case of optical rectification process, the velocity matching condition between optical,

terahertz pulses and coherence length (/) of the crystal is given by [20,41].
2(ng (ﬁ'p) - nTHz (ﬂ’I'Hz))Ic - ﬂ'THz = O (7'3)
Where, Ay, (pm) is the wavelength of THz pulse, #,(4) is the group index of pump pulse. If

oherence length (/) of the crystal is greater than the length of the crystal (/) then it leads to generate
the powerful THz radiation.

The Ay, can be obtained by substituting the values of #,(4,), 7, (Ayy,) and / ie. 0.28 mm in Eq.
(7.3) helps us to ascertain the generated THz frequency (vyy;, = ¢/A;;,) With respect to incident pump
wavelength (4) which is tunable between 0.8-1.6 um range. This assumption is only applicable for

the thin crystal where / and /are comparable.
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Figure 7.4: Calculated vrp, at 1.=0.28 mm, the pump and generated pulses are extraordinary polatized.

Fig. 7.4 shows the calculated THz frequency at coherence length (/) = 0.28 mm for the incident
pump wavelengths tunable between 0.8-1.6 um, range. Here, the calculated values of THz frequency
for extraordinary polarization are based on positive integer solutions of Eq. (7.3). The refractive
index for extraordinary polarized THz wave 7 (Ayy,,) is calculated using Eq. (7.1) with respect to
different values of p. Where ¢ is the phase matching angle in XY principal plane, moreover, the
optical rectification process is independent of ¢. Here, the selection of arbitrary values of ¢ leads to
ascertain the range of generated frequency, which lies in the THz domain. Therefore, theoretically
we have tried to predict the probable range of THz generation with respect to different values of ¢
Le. 0, 30, 45, 60 and 90°. Fig. 7.4 shows that the calculated vy, values are higher for low values of ¢.
The curve also highlights the linear behavior with different slope values which becomes maximum at
9=0°. This clearly indicates that at »p=0°, the frequency of the generated radiation extended up to
10.31 THz. Therefore, the higher range of v.,;, can be recorded for »p=0°, which reduces to minimum
when ¢ becomes 90°. The frequency values as shown in Fig. 7.4 clearly show that the generated
radiation lies in the terahertz domain. Therefore, this radiation utilized to record the PA spectra of
N,O by selecting the external band pass filters 0.5 and 1.5 THz, the rotational quantum numbers are

associated with these bands discussed in the following section.

7.3.2. Assignment of rotational quantum number for N20O

The vibrational frequency of pure rotational lines of N,O is due to transitions between the ground
vibrational state levels reported by Palik et al. [36],

v=2B,(J+1)—4D,(J + 1)? (7.4)
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Where, B, and D, are the rotational constants of the ground state. | is the rotational quantum
number. For N,O, the constants of B, and D, are 0.41901 cm™ and 0.19x10° cm, respectively. The
calculated rotational quantum numbers correspond to 0.5 and 1.5 THz bands are 19 and 59,
respectively. Aenchbacher et al. measured the pure rotational lines and the THz absorption of N,O
between 0.69-1.18 atm pressure using terahertz time domain spectroscopy [42]. Furthermore, we
have selected two specific rotational lines of N,O for the recording of highly  time resolved
photoacoustic spectrum of N,O molecules (at 1 atm pressure).

The probable frequency range of THz generated from DAST crystal is between 0.1-10 THz.
However, detection of entire frequency range depends on types of detection arrangement. For
example, if we detect the generated radiation using ZnTe crystals (Electro-Optic sampling) which
can cover 0.1-10 THz, frequency range. Whereas, Si-GaAs antenna devices (photoconductive
sampling) is limited up to 2.2 THz. However, in the present case we are using pyro-electric detector,
which is an incoherent detection technique of measurement of power. Here, we are restricted to
measure of the power of full-emitted radiation along with the 0.5 and 1.5 THz bands pass filters
(procured from TYDEX, Russia). Therefore, the PA spectra of N,O molecules recorded at
broadband THz pulses i.e. full radiation (WBF), 0.5 and 1.5 THz lines.

7.3.3. THz PA spectra of N2O molecules

The generated THz signal is employed for the recording of time resolved PA spectra of N,O using
pulsed photoacoustic technique. The PA cell made of stainless steel of dimensions L=6.5 cm and
R=0.7 cm is used for recording the PA spectra. Some of the calculated longitudinal mode
frequencies of the given PA cell are listed in Table 7.3.

Fig. 7.5(a) shows the presence of all excited modes due to broadband THz radiation, which covers
the generated THz radiation including 0.5 and 1.5 THz range. Fig. 7.5(b,c) shows the PA spectra
recorded at 1.5 and 0.5 THz frequencies using specific band pass filters. In addition, Fig. 7.5(d)
shows the background signal recorded in N,O molecules without any radiation source. The noise
level of PA system for N,O gas molecules is of the order of 300 uV. The corresponding right hand
side PA spectra are recorded after subtracting the noise from the actual signal. It clearly provides the
signature of different rotational lines of N,O excited by individual THz frequencies in terms of PA
signal. Therefore, PA spectra can be treated as a fingerprint of weak rotational lines of N,O in
acoustic domain for given PA cell. Moreover, this is the first report of recording of THz based PA
spectra of N,O at one atmospheric pressure. Some of the predominant acoustic modes without
using band pass filters (WBF, i.e. complete generated THz radiation is allowed), and with 1.5 THz
and 0.5 THz band pass filters are located at 46.4, 48.2, and 40.2 kHz. The corresponding strength of
PA signals are 553.53, 477.49, and 428.92 pV.
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Table 7.3: Longitudinal () resonance modes of the PA cavity.

g 1 2 3 4 5 6 7 8 9 10 11
fkHz): 26 53 79 106 132 158 185 21.1 237 264 29.0

q: 12 13 14 15 16 17 18 19 20 21 22
fkHz) 31.7 343 369 39.6 422 449 475 50.1 528 554 58.1
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Figure 7.5: PA signal vs THz radiation without band pass filter, band pass filters and background noise.

It is observed that the strength of PA signal in THz domain lies in uV range. However, in case of
UV-Visible region (using nanoseconds laser) in mV to V range [43,44]. It can be understood in
following manner; the PA signal mainly depends on absorption of incident laser power which is
much more stronger in case of UV-Visible range [45]. It is attributed to strong vibrational,
rotational, and electronic transition. In addition, signal to noise ratio is of the order of 100-1000.
Though in case of THz based PA spectroscopy the signal to noise ratio is of the order of 10 only
but still we are able to record the signature spectra of weak rotation lines. It is only possible because
the excited acoustic modes with THz radiation have sharp intense peak as compared to the modes
of background noise spectra. Here data acquisition time plays very important role for the recording
of time domain PA spectra. When, the experiment was performed with low power excitation
wavelengths then 0.5 or 1.0 ms are identified as suitable data acquisition times. For this data
acquisition time scale, the strength of PA signal which is not only strong in nature but also have the

gap of the order of 200 Hz and 100 Hz respectively. However, in the present case if we select higher
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data acquisition times i.e. # = 2.5 ms or 5.0 ms the PA signal coincided with the noise signal of PA
system.

The PA spectra of N,O recorded using BPF 1.5 THz has predominant acoustic mode at 48 kHz
along with the other modes 33 and 15 kHz. These modes have similar strength of PA signal.
However, for BPF 0.5 THz based PA spectra have strongest acoustic mode at 40.2 kHz and other
additional modes are located at 15.0, 16.4, 32.4, 37.0, and 45.8 kHz respectively. All three PA spectra
are different from each other but 33.0 kHz mode is one of the common modes present in the PA
spectra of N,O. Fig. 7.5 clearly shows that the number of excited acoustic modes and their
corresponding intensities are higher for the generated THz frequency from the DAST crystal at 1.32
um than 1.5 THz and 0.5 THz. Whereas 1.5 THz band shows higher number of excited acoustic
modes than 0.5 THz. The output power of THz radiation was also measured with pyro electric
detector at focused position of parabolic mirror. The average output power of THz radiation for
WBF, 1.5 THz and 0.5 THz are 60, 42 and 29 nW respectively. This also confirms that the strength
of the generated THz at 1.5 bands is strongest one.

However, the broadband experiment cannot include all peaks as shown in 1.5 THz and 0.5 THz
experiments. Because, the photoacoustic cell has certain cavity eigenmodes, which are identified as
longitudinal, radial and azimuthal modes respectively. As we know that the excitation mechanism of
given gas depends on the incident radiation. Therefore, the predominant order of acoustic modes
solely depends on the absorption properties of N,O gas along with the intensity of incident laser
pulses. Here, we have selected 600 pm and 200 um wavelength which have corresponding frequency
0.5 and 1.5 THz and full radiation (WBF) to excite the N,O gas molecules. Since, DAST is
generating broad range of THz frequency i.e. 0.1-10 THz. As a result, many of the cavity modes are
simultaneously excited, but they can also cancel each other due to interference of generated PA
signal produced by THz pulses. In addition, the propagation velocity of generated PA signal varies
from one wavelength to another wavelength. Therefore, all peaks for various rotation quantum
modes (including | = 19 and 59) are difficult to identify in the PA spectra of without band-pass

filter.

7.4. Generation of THz from DAST crystal using femtosecond oscillator

In this section, we have presented the generation of THz radiation from DAST crystal using the 140
fs oscillator pulses tunable between 800-850 nm. The generated THz pulse power is measured with
the pyro electric detector and the profile of the generated pulse is detected with electro optic
sampling technique using the ZnTe crystal. In addition, we have also studied the effect of

polarization of input pump wavelength at 825 nm and the characteristic transmittance of 0.5 and 1.5
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THz band pass filters are presented with respect to the generated THz radiation for the tunable

pump wavelengths 800-850 nm range.

7.4.1. Generation of THz radiation with tunable wavelengths 800-850 nm

Fig. 7.6(a) shows the generated THz power using tunable wavelength 800-850 nm range. The curves
show maximum THz power obtained at 820 and 830 nm, minimum at 800 nm for all the input laser
powers lies between 25-125 mW. The power curves once again shows rise after crossing the 840 nm
wavelength. The linear fit slopes values of the order of 0.068, 0.149, 0.159, 0.145, 0.079 and 0.075,

respectively for the tunable wavelength between 800-850 nm range.
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Figure 7.6: THz power vs (a) pump wavelength (b) incident laser power (c) at 125 mW w. r. to 0.5 and 1.5 THz band
pass filters, and (d) for P and S polarized pulses.

In Fig. 7.6(c) the bar diagram shows the THz transmittance from 0.5 and 1.5 THz band pass
filters, for the corresponding pump wavelength between 800-850 nm range, at input power P, =125
mW. The black color bar graph shows the generated THz power for the similar range of
wavelengths. The values of 1.5 THz band pass filter transmittance are comparatively higher than the
0.5 THz filter. Fig. 7.6(d) shows the characteristic percentage of transmittance of 0.5 and 1.5 THz
band pass filters. The generated THz power of corresponding pump wavelength at 810,820 and 830

are high, but the percentage of transmittance of band pass filters at 0.5 and 1.5 THz are less. Fig.

133
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7.6(d) shows the generated THz power with two different polarizations for pump wavelength 825
nm, with respect to different incident powers of pump wavelengths. The power of generated THz of
P-polarized light is higher than the S-polarized light. In both cases the power of THz radiation

increases linearly with respect to the incident pump power.

7.5. Generation of THz in ZnGeP, using DFG technique

The efficient monochromatic terahertz waves can be generated using phase matched difference
frequency generation [46][47][48][49][50][51]. Some of the nonlinear crystals, which are frequently
used of generation THz radiation through DFG process, are listed in Table 7.4.

Table 7.4: Linear, nonlinear optical properties of crystals most widely used for optical THz generation.

Crystal GaAs GaP ZnGeP; GaSe ZnTe LiNbO3; LiTaO;

Aopt (nm) 2.1 1.06 2.1 1.06 0.8 1.06 1.06

Nopy 3.33 3.11 3.15 2.8 2.85 2.16 2.14

nr1H, 3.6 3.31 3.37 3.26 3.2 52 6.5

An 0.18 ~0 0.17 0.34 ~0 3.0 4.32

orH, (cm?) 1 3.3 1 25 9.9 21.7 95

r(pm/V) 4= 9= Iy = 1= i = 133 = 133 =
1.5 0.94 1.6 1.58 4 28 27.7

d (pm/V) dis= dis = dse = da2 = dis = dss = ds3 =
46.1 21.7 39.4 243 66 152.4 145.2

Among them zinc germanium phosphide (ZnGeP,) crystal is one of the promising crystal due to

availability of sellmeir dispersion in the THz domain and higher values of nonlinear coupling

coefficients. It is a chalcopyrite crystal with 42 symmetry, positive uniaxial crystal (n.>n,),
transparency range A = 0.74-12 um and non-hygroscopic in nature. In this section we have
theoretically generated the THz radiation considering sellmeir given by Bhar et al for ordinary (n°)
and extraordinary (n°) refractive indices [52]. The same sellmeier equations are also used by Wei shi
etal. to generate the tunable terahertz using Nd:YAG laser where 1064 nm is used as a pump [47].
We have selected wavelength 800 nm as a pump and wavelengths tunable between 800-810 nm as a
signal. In the case of femtosecond pulses, the effects of GVM and GVD plays very important role in
coupling of pump energy to signal and idler waves inside the crystal. Therefore, the calculation of
effective length of the crystal (L ;) becomes very important and it also depends on temporal width
of the incident pulses. The new sellmeier dispersion relation, for ZGP crystal, which is valid in THz

range and shown in Eq (7.5) [47,52]

0.6067512

n%(l) = 10.93904 + 1600

for A > 60 um (7.5)
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7.5.1. Phase matching angle and angular bandwidth

The condition for phase matching for the collinear difference frequency generation (DFG) is given

by

Ak = k(wp) — k(ws) — k(wraz) (7.6)
1 1 1
PRI o

Where o,, w, and oy, are the pump, signal and generated (idler) THz frequencies. We have
determined the phase matching angle for type II interaction where pump is treated as an
extraordinary, signal and the generated wavelength (idler) are selected as an ordinary polarized.

Therefore, using above relationship the phase matching angle for type II interaction (eoo:psi) is

given by:
o [ -2
A;Z(Y;—S " :THZ) _n;(—Z)
in2 — S THz
Sin®(Opm) = - - (7.8)
n'y n and n/, n’ ordinary and extraordinary refractive indices of corresponding pump and signal

wavelengths.

Fig. 7.7(a) shows the calculated phase matching angles and Fig. 7.7(b) indicates the corresponding
THz frequency for generated wavelength using DFG process. Whereas Fig. 7.7(c) exhibits the
angular bandwidth of corresponding phase matching angle. We have selected pump wavelength as
800 nm and signal wavelength are tunable between 800.5-806 nm with variation of 0.25 nm. The
generated wavelength increases with small for difference in pump and signal wavelengths are small
which leads to lower the THz frequencies. Fig. 7.7(a,b) shows that the phase matching angle is
increased with respect to higher frequencies. However, the angular bandwidth is low at phase
matching angle 45°. This shows that at 45 is the optimum phase matching angle, if we can fix this

angle cut and there is chance to generate tunable THz radiations with respect azimuthal orientation
g g p

of the crystal.
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Figure 7.7: (a) required phase matching angle vs generated wavelength (b) wavelength in terms of THz frequency, (c)
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7.5.2. GVM and effective length of crystal between pump and signal-idler pulses

Fig. 7.8(a,b) shows the effective length of the crystals between pump wavelength to idler and signal
wavelengths, respectively. It is clear that between idler pulses (generated wavelengths) to pump pulse
the GVM is very high, therefore, it leads to lower the effective length of the crystal. Efficient THz
radiation can generate when crystal length is lower than the effective length of the crystal. In this
case the dispersion loss of optical and THz waves are nullified as a result strong THz radiation can

emit from the crystal. The GVM of pulses decreases with respect to increases of the idler

wavelength, while in terms of THz frequency the GVM is high for the higher order frequency.
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Fig. 7.9 shows the effective length of the crystal between pump, signal and idler pulses measured 40,
60,150 fs for different incident laser pulse durations. The effective length of the crystal is directly
proportional to the pulse duration. These pulse durations are available lasers in our laboratory

durations i.e. regenerative amplifier, OPA and oscillator, respectively.

7.6. THz generation from ZnGeP, using optical rectification

In OR process the femtosecond laser pulses are easy to align and needs only single wavelength to
generate the broadband THz radiation. While, in the case of DFG two laser wavelengths i.e. signal
and pump beams are required. The broad band and narrow band THz pulses can be generate using
ZnGeP, with various nonlinear optical process [47, 53-506]. It is well known that optical rectification
is a second-order nonlinearity based optical process which generates a transient D.C. polarization,
which typically creates THz radiation for short excitation pulses. Advances in broadband THz pulse
generation technology by optical rectification have made significant enhancement in available pulse
energy, which is applicable for communications [57], imaging and spectroscopy [58], coherent
control [59], and chemical recognition [60]. Here, we report the generation of terahertz radiation
from ZnGeP, by optical rectification process using optical parametric amplifier tunable between
1.15 -1.6 pm ranges of 60 fs pulses at 1 kHz repetition rate. The generated power of THz radiation
measured using pyroelectric detector. It is utilized to record the time resolved pulsed PA spectra of
methanol and nitromethane vapors at 0.5 and 1.5 THz band pass filters along with broadband THz

radiation for the first time.

7.6.1. Measurement of THz power

Fig. 7.10 (a-c) shows the generated THz power with respect to full radiation (without band pass
filters), with THz band pass filters at 0.5 THz and 1.5 THz, respectively. The output of the THz
power is also measured after passing through the evacuated PA cell shown in Fig. 7.2. The
maximum power for THz radiation obtained at pump wavelength 1.3 pm and it has approximately
identical between the 1.275-1.35 um range. The noise power of the pyro electric detector is 3-5 nW.
The comparative results shows that generated THz signal power is highly absorbed by the
atmosphere along with Teflon windows of the PA cell.

The 1.5 THz BPF has higher power than the 0.5 THz and follows the same trend of full
radiation. Therefore, it confirms that most of the THz pulses possess 1.5 THz rather the 0.5 THz.
However, the output power of the 0.5 THz BPF shows random variation, but the polynomial fit of
order 5 follows the similar order to the full radiation with respect to pump wavelengths. Whereas

the output power is comparatively lower than the 1.5 THz.
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7.6.2. THz based PA spectra of Nitromethane and methanol

Fig. 7.11(a-c) and Fig. 7.11(d-f) shows that the PA spectra of methanol and nitromethane,
respectively recorded at broad range of THz radiation, and at 0.5, 1.5 THz bands of the generated
THz radiation. The background noise of the signal is 0.3 mV. Fig. 7.11(a) shows the PA spectrum of
methanol vapor, which has the predominant acoustic modes present at 13.6, 15.0, 21.2, 34.2, and 56
kHz respectively at complete THz radiation generated by ZnGeP, crystal at 1.3 um. Consequently,
the major acoustic modes for 0.5 and 1.5 THz BPF are present at 13.6, 36.8, 39, 53.6 kHz and 13.6,
29, 36.8 and 40.2 kHz respectively. It is observed that the acoustic mode present at 13.6 kHz is the
common mode present in the all spectra. The complete radiation has higher number of acoustic

modes than 1.5 and 0.5 THz, among these bands 1.5 THz has higher number of modes than the 0.5

THz.
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Figure 7.11:

THz based PA spectra of methanol (MeOH) and nitromethane (NM).
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Similarly, for nitromethane the major acoustic modes at broad band THz radiation present at 13.0,
24.8, 28.8 39 and 49 kHz, whereas for the band pass filters 1.5 and 0.5 THz are located at 4.8,
13.6,22.0,28.0,41.0,48.2 kHz and 13.6,21.8, 27.0, 39.4 and 44 kHz respectively. The calculated
longitudinal modes are listed in Table 7.3. The same PA cell is used for recording the PA spectra

NM and methanol.

7.7. Conclusions

We have reported the potential use of indigenously grown DAST crystal to generate efficient and
wide range of THz signal using pump wavelength tunable between 0.8-1.6 pm ranges obtained by
OPA. The effect of vertical rotation of crystal on the generation of SHS and THz signals has been
demonstrated at 1.3 um wavelength. These results exhibited the shuttling of electromagnetic
radiation between THz to SHS. The higher efficiency of the generated THz signals could be
attributed to the nonlinear coupling coefficients d; values of the DAST crystal. In addition, we
correlated the coherence length of the crystal as a crystal length and calculated the v, for the pump
wavelengths tunability between 0.8-1.6 um, range. In addition, the THz radiation was generated
using ZnGeP, crystal using OPA pulses between 1.15-1.6 pm, range. For the first time, we have
also recorded the time resolved PA spectra of N,O, methanol and nitromethane using THz
photoacoustic spectrometer at 0.5 and 1.5 THz. It confirms that the strength of 1.5 THz band is
stronger than the 0.5 THz band.
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Chapter 8

Conclusions and Future scope

ulsed photoacoustic spectroscopy is one of the most efficient analytical technique to
Pcharacterize the all phases of matter according to their absorption properties. Mostly, it is
extended to the measurement of gaseous molecules in trace level. The UV-visible radiation leads to
electronic, vibrational transitions in the molecule, while THz waves are responsible for heating of
molecules due to vibrational-rotational lines. The selected HEMs are nitro rich compounds of
benzyl and phenyl series 1,2,3-triazole derivatives. The thermal decomposition, stability and
efficiency of these compounds are evaluated based on released quantity of byproducts during the
controlled pyrolysis between 30-350 °C using pulsed photoacoustic technique. TG-DTA provides
the basic information about the melting and decomposition temperatures. The results obtained from
PA and TG-DTA techniques shows that benzyl series 1,2,3-triazoles are more efficient for rocket
fuels, however, phenyl series compounds are more thermally stable compounds. The stability and
efficiency of compounds directly depends upon the position of NO, groups. Also, the efficiency and
stability of compounds controls due to presence of other groups such as methyl (-CH;), methoxy (-
OCH;), amino (-NH,) etc. We have attempted to study and identify the effect of these groups. The
amino group leads to increase density, further it enhance the efficiency of compounds as a rocket
fuel.

In addition, for the first time using solid PA cell, we have identified the graphite as a sensor for
the identification of HEMs using visible (532 nm) - IR (1064 nm) wavelengths. Where, premier
explosives molecules have no absorption bands. The pi-electrons of graphite and HEMs coupled
with each other due to phonon waves momentum transfer and possess the double resonance Raman
Effect. As a result the HEMs get excited in presence of graphite and generated the strong PA signal.

The broadband THz radiation was generated using DAST and ZnGeP, crystals. Band pass filters
of 0.5 and 1.5 THz bands utilized to record the time resolved PA spectra of N,O is one of green
house gas major decomposition byproduct of HEMs. It is know that the decomposition products
of HEMs and its molecule vapor has several rotational lines in the THz domain. Moreover, the
reported compounds nitro rich triazoles release similar type of gaseous byproducts with different

concentration according to their stability. Therefore, initially we have recorded the PA signal of N,O
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at 0.5 and 1.5 THz bands. The time resolved THz based PA spectra of nitromethane and methanol

were recorded observe sufficient THz power get the PA signal.

Future scope

® By using tunable quantum cascade laser (QCL) laser in Mid-IR range will helps us to identify
different types of individual gaseous species produced during the thermal decomposition.

® The photoacoustic imaging of solid HEMs using nanoseconds and picoseconds laser pulses.

® Designing and fabrication of suitable resonance windowless cell coupled with a quartz tuning
fork or a quantum enhanced photoacoustic spectroscopy (QEPAS) sensors for low-level
detection of HEMs vapors for standoff detection.

B Generation of efficient Terahertz radiations using nonlinear crystals coupled with a band pass
filters and gratings to record the pulsed PA spectra of HEMs.

B Most of the HEMs possess several rotational lines, therefore, THz spectroscopy help us to
recording the fingerprint spectra of these compounds. The time domain THz spectroscopy
helps to buildup a library for the detection of HEMs.

® Windowless cell coupled with the suitable sensor for pollution monitoring in open system etc.

® Development of optical parametric oscillator (OPO) using DFG technique for efficient

generation of tunable THz radiation.
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