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Abstract: 8 

We investigated the effect of bond lengths of chemical substituents (attached to the para position 9 

of phenyl ring) on thermal stability of three newly synthesized  nitro rich 1,2,4-triazoles named 10 

1-(4-Methyl-3,5-dinitrophenyl)-1H-1,2,4-triazole (P-Me-DNPT),1-(4-Methoxy-3,5-dinitrophenyl)-11 

1H-1,2,4-triazole (P-OMe-DNPT), 2,6-Dinitro-4-(1H-1,2,4-triazol-1-yl) aniline (P-NH2-DNPT). The 12 

thermal stability of these compounds was evaluated along with their acoustic fingerprint spectra 13 

between 30 and 350 oC range, using pulsed photoacoustic (PA) pyrolysis technique. A 532 nm 14 

wavelength of 7 ns pulse duration and 10 Hz repetition rate, obtained from Q-switched Nd: YAG 15 

laser was used to determine the released NO2 molecules during the process of thermal 16 

decomposition. The thermo gravimetric-differential thermal analysis (TG-DTA) data along with 17 

PA results highlights the multistep decomposition mechanism of 1,2,4-triazoles. The study also 18 

help us to distinguish the characteristic behavior of propellants and explosives of reported 19 

molecules as rocket fuel. 20 

Keywords: 1,2,4-triazoles, Bond length, PA technique, Fingerprint, Thermal stability. 21 
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1. Introduction  27 

Nitro rich tetrazoles, triazoles, pyrazoles and their derivatives are newly synthesized high 28 

energy materials (HEMs) which possess high heat of formation, detonation velocities, pressure, 29 

shock sensivity, and good thermal stability due to presence of aromatic ring 1-3. The synthesis 30 

and characterisation of these HEMs molecules have attracted many researchers to evaluate their 31 

potential in milatary applications such as rocket fuel, gun propellants and explosives 4-10. In 32 

addition, the study of thermal stability and decomposition mechanisms of premier HEMs 33 

moleules are reported by several research groups using different analytical techniques 11-15. 34 

However, the photoacoustic (PA) technique is very versatile which offers several advantages 35 

such as high selectivity, sensitivity, fast response time and is also compact in size. As a result, it 36 

is widely used in  trace gas detection between ppb to ppt level16-20. Further, the significance of 37 

PA signal is realised to monitor the released gaseous molecules from solid explosive available in 38 

small quantity (~1 mg) during the pyrolysis process. It is achieved by means of selection of 39 

proper excitation wavelength and designing of PA cell along with heating system. Therefore, the 40 

PA pyrolysis technique is one of the emerging analytical technique for the study of thermal 41 

decomposition and stability of newly synthesized HEMs molecules. In the present case, we have 42 

investigated the role of -NO2, a major principal functional group on the thermal decomposition 43 

mechanism of compound in terms of strength of the PA signal and excited acoustic modes of the 44 

PA cavity. The released mechanism of gaseous molecules is accertained on the basis of bond 45 

length of the chemical substituent present in the compounds.  46 

 Kommu et al. reported the synthesis of these nitro rich 1,2,4-triazoles derivatives such as P-47 

Me-DNPT, P-OMe-DNPT and P-NH2-DNPT 
21. The structures along with the chemical formulas of 48 

these compounds are shown in Fig. 1. The phenyl ring of these compounds contains two NO2 49 

groups at their meta positions and the para position is occupied by methyl, methoxy and amino 50 
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groups, respectively. The estimated values of the densities (ρ), detonation velocities (D) of these 51 

compounds are 1.62, 1.64, 1.66 g/cm3, and 6.40, 6.68, 6.66 km/s, respectively. The detonation 52 

velocity of P-OMe-DNPT has slightly higher value. This might be due to the presence of an 53 

additional O in –OCH3 group. However, the stability of HEMs materials is strongly dependent 54 

on their molecular structure and bond lengths of chemical substituents present in the phenyl ring.  55 

 56 

Fig. 1 Structure of the compounds. 57 

The reported energetic 1,2,4-triazoles compounds can be used as an explosive and as 58 

propellants. We know that explosives and propellants generate supersonic and subsonic reaction 59 

waves, respectively, which propagate with a speed of several km/s, inside the matter, 60 

accompanied with hot gases. This process is known as detonation and deflagration, respectively 61 

22. Thermal stability and the efficiency of these compounds as a rocket fuel are ascertained on the 62 

basis of strength of the PA signal produced due to absorption of released NO2 molecules during 63 

the process of decomposition. In the present case, -NH2 group increases the efficiency of 64 

compound. The TG-DTA graph provides the information about the melting and decomposition 65 

temperatures and the residual weight of the compound. The PA study also helps to differentiate 66 

the compounds based on PA spectra produced due to absorption of 532 nm wavelength.  67 

 68 

 69 
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2. Theory and Experimental Details:   70 

 The wave equation of the sound pressure for the inhomogeneous medium in the lossless 71 

cylindrical resonator can be illustrated by 23-26 72 

                                               

2
2 2

2

( , ) ( , )
( , ) ( 1)

d P r t dH r t
c P r t

dt dt
γ− ∇ = −                              (1) 73 

Where, c is the sound velocity, γ is adiabatic coefficient of the gas and H is the heat density 74 

stored by light absorption. The solution of Eq. (1) is given by the following equation:   75 

                                                       �(�, �) = ∑ 	
,��
� �������
(�)                                    (2) 76 

The dimension less eigenmodes distribution of cylindrical resonator is the solution of the 77 

homogeneous wave equations, which can be expressed as: 78 

                                                   �
(�, �) = �
(�)�����                                                    (3) 79 

Where, ωn is the resonance frequency of the cavity resonator and Pn(r) is given by 80 

                    �
(�) = ��
�(�, ∅, �) = ��(���) cos(���) �cos( ∅)sin( ∅)#$�
%	                    (4) 81 

The amplitude (An) of the PA signal for pulsed laser is proportional to the deposited heat density 82 

which directly depends on input laser power (E) 27,28 83 

                                                            	
 = ('())	*	+�	,�(�-)	.	/
0                                               (5) 84 

Where, fn is the normalized overlap integral that describes the effect of the spatial overlap 85 

between the propagating laser beam and the pressure distribution of the nth acoustic eigenmodes. 86 

L, V are the length and volume of the PA cell, respectively. α is the PA absorption coefficient of 87 

the sample and, γ is the adiabatic constant of the buffer gas. The PA cell has three types of 88 

excited acoustic modes i.e. longitudinal (q), radial (n) and azimuthal (m) acoustic modes. The 89 
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frequency of the acoustic resonant modes generated within the cylindrical type PA cavity is 90 

described as 91 

                                                                   

1/ 22 2

2
m n

m n q

c q
F

R L

α    = +         

                                 (6)      92 

Where c, R and L are the sound velocity, radius and length of the cylindrical resonator, 93 

respectively. αmn is the nth zero of the derivative of the mth Bessel function at r = R. The PA 94 

spectrum was recorded using a PA cell made of stainless steel with internal diameter of 1.5 cm 95 

and length of 7.5 cm. 96 

The experimental design is shown in Fig. 2. A Q-switched Nd: YAG laser (Model Spit, 97 

Germany) of wavelength 532 nm, pulse duration 7 ns and repetition rate 10 Hz was used to 98 

excite the vapor of the compounds in a cylindrical PA cavity. The laser beam diameter was 99 

adjusted  to 6 mm using aperture and allowed to pass through the centre of the PA cavity. The 100 

generated PA signal was detected by a pre-polarized microphone of responsivity 50 mV/Pa 101 

(BSWA, China), which was housed in the centre of PA cell. The output signal of the microphone 102 

was fed to the preamplifier coupled to a 200 MHz oscilloscope (Tektronix, U.S.A.). The analysis 103 

was carried out using data acquisition program, which was developed using LabView software. 104 

  The solid compound of small quantity (~ 1 mg) is kept in a specially designed heating 105 

system, which facilitates the controlled pyrolysis between 30 and 350 oC range. The entire 106 

system was evacuated upto 10-2 Torr  using a  rotating vacuum pump. The released vapor of  the 107 

solid compound at required temperature was introduced to PA cell for recording of PA spectrum 108 

at desired incident laser energy (Ein) and data acquisition time (t). The energy of the incident 109 

laser pulse was measured with power meter (EPM2000, Coherent). 110 
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 111 

Fig. 2 Experimental set up. 112 

  Thermo gravimetric-differential thermal analysis (TG-DTA) was carried out using TA 113 

instrument (Model No. Q600DT). The TG-DTA analysis has been conducted with initial weights 114 

1.589 mg of P-Me-DNPT, 1.002 mg of P-OMe-DNPT, and 3.254 mg of P-NH2-DNPT, respectively. 115 

The solid compound was introduced into an alumina crucible and heated between 25-400 οC 116 

range under nitrogen gas atmosphere (flow rate of 100 cm3 / min) which works as the purge and 117 

protective gas. An empty alumina crucible was used as reference. Non-isothermal TGA runs 118 

were conducted between 25-400 oC ranges at nitrogen atmosphere with purge rate of 10 oC/min. 119 

In addition, infrared spectra of these compounds were recorded using Perkin-Elmer IR 120 

spectrometer in 400-4000 cm-1 range in form of KBr pellets.  121 

3. Results and Discussions  122 

3.1.  IR spectra of compounds 123 

 Fig. 3(a-c) shows the IR spectra of P-Me-DNPT,  P-OMe-DNPT, and P-NH2-DNPT respectively. 124 

Inset tables of Fig. 3 shows the structural positions of principal functional groups present in the 125 

compound. The absorption peaks of amino group are present at 3419.18 , 3254.79 and 1649.32 126 

cm-1, respectively. The strongest absorption peaks of C-O-C, -NO2, –N=N+=N- , -OCH3 and  C-H  127 
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are observed  between 1300-1000 cm-1, 1550-1300 cm-1, 2400-2000 cm-1 and 2850-2810 cm-1, 128 

range respectively. Therefore, the provided FTIR spectra confirms the presence of different 129 

functional groups in the reported compounds.  130 

 131 

Fig. 3 IR spectra of solid compounds. 132 

 133 

3.2. Thermal PA fingerprint spectra of compounds  134 

      Fig. 4(a-c) shows the thermal PA spectra of P-Me-DNPT, P-OMe-DNPT and P-NH2-DNPT, 135 

respectively. The PA spectra was recorded at incident laser energy Ein = 8.63 mJ and data 136 

acquisition time t = 0.5 ms.  137 

Fig. 4(a) shows that P-Me-DNPT does not provide any PA signal upto 60 oC. The first PA 138 

signal is observed at 90 oC, which is treated as an initial point of thermal decomposition. The PA 139 

spectra also shows some sharp intense acoustic modes located at 12.4 and 36.4 kHz. In addition, 140 
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the other excited acoustic modes appear in cluster form and occupy the range between 16 and 35 141 

kHz. The excited acoustic modes of the  PA cavity at Td = 250 oC  are present at  3.2, 8.4, 12.4, 142 

18, 20.8, 22, 23.2, 27.4, 32.2, 36.4, 42.2 and 44.2 kHz respectively. The PA mode present at 12.4 143 

kHz is one of  the predominant acoustic mode of the cavity and has intensity of the order of 144 

54.11 mV. It is observed that acoustic modes of thermal PA spectra of the compound has ± 200 145 

Hz variation with respect to their central frequency. The background noise signal of  the system 146 

is of the order of 0.05 mV. 147 

     Fig. 4(b) shows the thermal PA spectra of P-OMe-DNPT. Though its melting temperature (Tm) 148 

is 97.92 oC, the process of dissociation initiates at 30 oC. Therefore, once again it is confirmed 149 

that the NO2 molecules are released much before the melting temperature of the HEMs 150 

compounds 29,30. The majority of acoustic modes exhibit cluster behavior and have broad profiles 151 

due to the change in the density of released vapor. The sharp intense peaks are only located at 3.8 152 

and 13.8 kHz between 30-350 oC range. However, the other higher intensity acoustic modes are 153 

present at 17.2, 22 and 35.8 kHz, respectively. It is observed that almost all acoustic modes of 154 

PA spectra are excited simultaneously and possess identical intensities. Since, the PA spectra of 155 

the compound is generated due to absorption of incident laser radiation by NO2 and the presence 156 

of other gaseous molecules (released due to methoxy group) lead to change the density of the cell 157 

medium which affects the velocity of acoustic pressure waves. As a result, the profile of acoustic 158 

modes shows broadening effect along with shift in the frequency with respect to the central 159 

frequency. The predominant order of excited acoustic modes gradually change their position 160 

with respect to vapor temperature. 161 
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 162 

Fig. 4 Thermal PA spectra of three compounds. 163 

 Fig. 4(c) shows the thermal PA spectra of P-NH2-DNPT. The compound shows two weak and 164 

one strong mode at 130 oC, which are present at 4.0,13.8 and 27.4 kHz respectively. This 165 

compound releases more quantity of NO2 molecules as compared to other compounds. 166 

Consequently, the PA spectra has strong and sharp acoustic peaks. The maximum PA signal is 167 
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obtained at 315 oC and the excited acoustic modes are located at 4, 12.4, 13.8, 27.4, 37.6 ,38.6 168 

and 39.11 kHz, respectively. During the experiment, thermally released redish brown colored 169 

vapor was observed in the heating flask, which clearlly indicates that the vapor contains high 170 

quantity of NO2 as compared to other gaseous molecules. 171 

Fig. 5(a-c) shows the PA fingerprint spectra of compounds. Inset figures shows the 172 

corresponding time domain signals. The PA spectra is recorded at 250, 170 and  280 oC at t = 1 173 

ms for P-Me-DNPT, P-OMe-DNPT  and P-NH2-DNPT, respectively. Fig. 5(d) shows the total number 174 

of 24 calculated eigenmodes which comprises 19-longitudinal, 3-radial and 2-azimuthal modes 175 

of the PA cavity, which occupies the frequency between 0-45 kHz. The first q, n and m modes 176 

frequencies are located at 2.28,13.4 and 27.89 kHz, respectively. The calculated values of sixth 177 

and twelfth longitudinal modes are almost equal to the first radial and azimuthal modes, 178 

respectively. It is inferred that these common eigenmodes are the strongest excited acoustic 179 

modes of PA spectra of the sample, it is clearlly observed in PA spectra of  P-NH2-DNPT. The 180 

sixth longitudinal and first radial modes have equally occupied the position at 13.8 kHz. 181 

Similarly, the twelfth longitudinal mode coincided with the first azimuthal mode and is present at 182 

27.4 kHz. The PA cavity  have maximum numbers of even order longitudinal modes. Since, the 183 

strength of PA signal and order of excited acoustic mode varies from compound to compound 184 

and is attributed to the change in the density of released gaseous molecules.  185 
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 186 

 Fig. 5. PA fingerprint spectra at t =1 ms of (a) P-NH2-DNPT (b) P-OMe-DNPT  (c) P-Me-DNPT, and  (d) 187 

calculated longitudinal, radail and azimuthal modes of PA cavity. 188 

In case of PA spectra of P-Me-DNPT and P-OMe-DNPT, the acoustic modes are well seperated 189 

and have sharp peaks between 0-15 kHz frequency range. Whereas, low intensity acoustic modes 190 

appeared in pair between 15-45 kHz range. It confirms that the higher order modes are forming 191 

clusters due to percentile change of NO2 as well as other gaseous molecules present in the vapor. 192 

However, PA spectra of P-NH2-DNPT  has two kinks at 4.4 and 28.3 kHz. The PA spectra of P-193 

NH2-DNPT depicts well seperated sharp peaks compared to other two compounds and confirms 194 

that P-NH2-DNPT releases more quantity of NO2 as compared to other byproduct gases. While, the 195 

kinks of acousitc modes show the presence of other gaseous molecules released in less quantity. 196 
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In our previous report, we have shown the thermal stability and acoustic fingerprints of 197 

several new compounds such as 1-(2,4-dinitrobenzyl)-1H-1,2,3-triazole (S1), 1-(3,5-198 

dinitrobenzyl)-1H-1,2,3-triazole (S2), 1-(2-methoxy-3,5-dinitrobenzyl)-1H-1,2,3-triazole (S3), 1-199 

(4-methoxy-3,5-dinitrobenzyl)-1H-1,2,3-triazole (S4) 
31. The effect of methoxy group on PA 200 

spectra of S3 and S4 is observed in form of pairs. Additional acoustic peaks are absent in the PA 201 

spectra of S1 and S2. Similarly, P-OMe-DNPT also possess pair of acoustic peaks. The variation in 202 

the density of gaseous fragments is due to the presence of -OCH3 group, as a result the intensity 203 

of acoustic modes is comparatively lower than the remaining two compounds.  204 

The thermally released gases such as oxygen (O) or CO from methoxy group, might react 205 

with freely released NO2 molecules and leads to convert NO2 to NO with formation of other 206 

gases such as O2 and CO2 etc. using following chemical root 32,33 207 

                                         NO2+O→NO+O2                                                                             (2) 208 

                                       NO2+CO →NO+CO2                                                               (3)           209 

3.3.  Thermal stability of compounds  210 

Fig. 6(a, c and e) shows the behavior of acoustic modes with respect to temperature while 211 

Fig. 6(b, d and f) shows TG-DTA thermo graphs in terms of weight loss and heat flow for P-Me-212 

DNPT, P-OMe-DNPT and P-NH2-DNPT, respectively. In case of P-Me-DNPT, the first predominant 213 

acoustic mode at 12.4 kHz has highest PA signal at Td i.e. 250 oC as shown in Fig. 6(a). The 214 

compound starts releasing NO2 at 90 oC and this temperature is treated as first thermal zone for 215 

release of NO2. However, fixed intensity of acoustic modes shows the stability of compound 216 

between 90-170 oC range. The acoustic modes located at 8.5 and 22 kHz are also stable between 217 

190-350 oC range. 218 
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Fig. 6(b) shows the heat flow curve of P-Me-DNPT, which confirms that the compound has 219 

melting temperature at 129.80 oC and decomposition temperature at 259.89 oC. The weight loss 220 

curve shows that the compound is thermally stable upto 150 oC and after crossing this 221 

temperature, the compound lost 95 % of its total weight at 233.48 oC. Therefore, strength of the 222 

PA signal and TG-DTA thermo graphs confirm that the P-Me-DNPT is thermally stable. 223 

 224 

Fig. 6 Behavior of acoustic modes vs temperature and TG-DTA curves. 225 

Fig. 6(c) shows the behavior of acoustic modes of P-OMe-DNPT with respect to temperature. The 226 

acoustic mode present at 17.2 kHz is one of the strongest PA mode  between 90 and 195 oC 227 

temperature range. Similarly, modes present at 13.6 kHz show highest PA peak at 140 and 230 228 

oC, while mode at 17.2 kHz has higher peak at 140 and 275 oC, respectively. 229 

  Fig. 6(d) shows the TG-DTA curves of P-OMe-DNPT, which has melting and decomposition 230 

temperatures at 97.92 and 274.43 oC, respectively. In addition, the heat flow curve shows the 231 

presence of broad peak at 175 oC between 150-180 oC, temperature range, which is also a 232 

decomposition point and correlated with strong PA signal due to release of more quantity of 233 
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NO2. The weight loss curve shows gradual decay in the weight of the compound between 25-275 234 

oC range. The rate of decomposition get accelerated after crosing  275 oC. It is also reflected in 235 

the strength of the PA signal of acoustic modes present at 4, 22 and 35.8 kHz which show stable 236 

behavior upto 275 oC.  237 

    Fig. 6(e) shows the behavior of three excited acoustic modes present at 3.8, 13.8 and 27.4  238 

kHz, respectively. They show similar excitation behavior and the intensities of PA spectra shows 239 

two major peaks at 180 and 315 oC, respectively. The compound P-NH2-DNPT is thermally stable 240 

upto 130 oC. Fig. 6(f), the heat flow curve of TG-DTA shows that the process of melting initiates 241 

at 180 oC and is completed at 270 oC, which is follwed by decomposition at 293 oC. The weight 242 

loss curve shows that compound is thermally stable upto 150 oC after this it losses around 70 % 243 

of its total weight between 150-300 oC range. But, the signature peak of PA signal appears at 130 244 

oC which shows rapid growth up to 180 oC. The PA signal shows two additional peaks at 315 oC 245 

and 280 oC, respectively. The result obtained from of PA technique has excellent agrement with 246 

the TG-DTA analysis. The P-NH2-DNPT has an additional N (due to -NH2) which increases the 247 

density of compound (1.66 g/cm3) as compared to other compounds and leads to  releases more 248 

quantity of NO2 than other gaseous molecules. Therefore, the synthesis of nitrogen (N) rich 249 

green energetic materials can be treated as a potential rocket fuels 2,3.  250 

The heat of decomposition (∆H) depends on the overall decomposition and type of 251 

byproducts formed. The ring breaks down reactions in process of thermal decomposition are 252 

either exothermic or endothermic in nature. The endothermic peak represents the solid–solid 253 

phase-transition points  which  releases condensed water. It is observed that in case of P-Me-254 

DNPT, at decomposition temperature (259 oC), the heat flow curve shows endothermic peak (Fig. 255 

6(b)), whereas the weight loss curve indicates that almost 95 % weight is lost between 150-260 256 
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oC range. This shows that the molecule start decomposing at 259 oC, by releasing different types 257 

of gaseous byproducts along with condensed water (which is due to lack of high nitrogen 258 

content). Consequently, it shows endothermic peak for P-Me-DNPT 34. However, P-OMe-DNPT and 259 

P-NH2-DNPT are oxygen and nitrogen rich compounds. As a result at decomposition temperature 260 

the ring-breaking reaction  appears in form of exothermic peaks (due to oxidation of nitrogen) as 261 

shown in Fig. 6 (d) and (f), respectively. P-OMe-DNPT shows two exothermic peaks at 150 oC and 262 

274.43 oC, respectively. The first exothermic peak is due to breaking of principal functional 263 

groups attached to the ring, while the second one is due to concerted ring breaking mechanism 264 

and indicates completion of total decomposition process.  265 

3.4. Effect of  incident laser energy (Ein) 266 

Fig. 7(a-f) shows the PA spectra of 1, 2, 4-triazole compounds and the corresponding behavior 267 

of the acoustic modes with respect to incident laser energy. The thermal PA spectra of the 268 

compounds are recorded at Ein = 8.63 mJ. We have studied the effect of incident laser energy on 269 

PA signal after crossing the Td, and recorded the threshold value of incident laser energy required 270 

to generate the PA signal.  271 

The PA spectra of P-Me-DNPT at Ein = 7.86 mJ shows well-distinguished and sharp acoustic 272 

modes as compared to 6.3 mJ. While, in case of P-OMe-DNPT 5.25 mJ energy is sufficient enough 273 

to generate the strong PA signal which confirms that it releases more quantity of gaseous 274 

products than the P-Me-DNPT. Thus, the experimental findings support that the release mechanism 275 

of NO2 along with other byproduct gaseous molecules are purely dependent on the structures of 276 

the compounds and location of functional group at para position of phenyl ring of 1,2,4-277 

triazoles. However, the compound P-NH2-DNPT initiates the release of NO2 after crossing the 278 
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temperature 130 oC, which is also reflected in terms of PA signal. Therefore, P-NH2-DNPT needs 279 

small value of incident laser energy which is sufficient enough to generate the strong PA signal.  280 

 281 

Fig. 7 PA spectra and behavior of acoustic modes with respect to incident laser energy. 282 

     The PA results also show that the phenyl series 1,2,4-triazoles require high incident laser 283 

energy as compared to the previously reported benzyl series of 1,2,3-triazoles 31,35. Since, phenyl 284 

series compounds have direct bonding between two aromatic rings i.e. 1,2,4-triazole moiety and 285 

phenyl ring, respectively. Consequently, this series compounds release low quantity of gaseous 286 

products.  However, in case of benzyl series, 1,2,3-triazole moiety is connected to phenyl ring 287 

through -CH2 group. Thus during thermal decomposition process of benzyl series 1,2,3- triazoles 288 

releases more quantity of gaseous fragments than the phenyl series 1,2,4- triazoles. Therefore, 289 

they need low incident laser energy to generate strong PA signal. 290 

3.5. Effect of data acquisition time (t)  291 

 The acoustic wave activation time is controlled by the data acquisition time through the 292 

oscilloscope. Therefore, the PA spectra at different data acquisition times provide the detailed 293 
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information about the behavior of acoustic modes with respect to different time frame. Fig. 8(a-f) 294 

shows the PA spectra and decay behavior of acoustic modes with respect to data acquisition time 295 

for P-Me-DNPT, P-OMe-DNPT, and P-NH2-DNPT, respectively. The PA spectra are recorded at 296 

decomposition temperature and Ein = 8.63 mJ. The excited acoustic modes located at 22, 13.8 297 

and 4 kHz have their corresponding decay times of the order of 0.43, 0.26, and 0.25 ms 298 

respectively. For P-NH2-DNPT, the decay time of acoustic modes are lower than the other 299 

compounds. This clearly indicates that the compound which have high concentration of NO2 300 

molecules possess lower decay time due to short collision time.  301 

 302 

Fig. 8  PA spectra and behavior of acoustic modes with data acquisition time. 303 

 It is also observed that at t = 2.5 ms the magnitude of excited acoustic modes of P-OMe-DNPT 304 

become minimum and provides weak PA signal. Therefore, according to kinetic theory of gases 305 

the selection of lower time scales i.e. t ≤ 1 ms is most suitable for recording the PA signal for 306 
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trace level detection of gaseous products. Since, all the excited acoustic modes show exponential 307 

decay behavior with different decay times. Therefore, selection of t = 0.5 ms provides the strong 308 

PA signal of high resolution as compared to the other time scales.  309 

3.6. Bond breaking mechanism and scaling the efficiency of compounds as a rocket fuel 310 

The sequence of bond breaking mechanisms of major functional groups from solid compound 311 

during the pyrolysis process is explained in terms of their bond lengths. The bond length of the 312 

compounds are calculated by optimizing the structure in Gaussian 03 program using B3PW91 313 

functional with 6-31G(d,p) basis set 21. The bond lengths of principal functional groups are listed 314 

in Table. 1. 315 

             Table. 1 Bond lengths of compounds and PA signal at t = 0.5 ms. 316 

 Functional groups  P-Me-DNPT P-OMe-DNPT P-NH2-DNPT 

Cphenyl - Ntriazole  1.407 Å 1.412 Å 1.410 Å 

Cphenyl – para group   

 

1.503 Å 

(C-CH3) 

1.345 Å 

(C-OCH3) 

1.330 Å 

(C-NH2) 

-C-NO2  1.474 Å 1.476 Å 1.450 Å 

Strength of PA signal  54.11 mV 19.36 mV 582.99 mV 

   317 

 In case of P-Me-DNPT, the methyl group is present at para position of phenyl ring with sigma 318 

bond which has bond length of the order of 1.503 Å. In addition, two NO2 groups which are 319 

attached in 3,5 (meta)-positions of phenyl ring with sigma bond which has the bond length of the 320 

order of 1.474 Å. Since, the bond length of para position methyl group is higher than the nitro 321 

groups. Therefore, the supplied heat energy during pyrolysis was first used to cease the methyl 322 

group followed by the nitro group and then triazole group, respectively. As a result, less quantity 323 

of NO2 molecules are released. While, for P-NH2-DNPT the bond length between para position 324 

amino group to phenyl ring is 1.330 Å, and the bond length between meta nitro groups to phenyl 325 

ring is 1.450 Å. In this case, the supplied heat energy at initial level is utilized to cease the nitro 326 
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groups from the phenyl ring rather than amino group. Consequently, high yield of NO2 327 

molecules are released which leads to generation of the strongest PA signal of the order of 328 

582.99 mV. Similarly, in case of P-OMe-DNPT, the bond length between para methoxy group to 329 

phenyl ring is 1.345 Å, and the bond length of nitro group to phenyl ring is of the order of 1.476 330 

Å. Therefore, decomposition process initiates with release of NO2 molecules and followed by 331 

methoxy group fragmentation. Further, -OCH3 group is defragmented into O, CO, H2, H2O .etc. 332 

It appears that the concentration of either of these fragments are equally high along with NO2 in 333 

the gas mixture which has no absorption in 532 nm range. Therefore, the acoustic modes possess 334 

pair of peaks and have low strength PA signal for P-OMe-DNPT, even though, P-OMe-DNPT 335 

initially releases high quantity of NO2 along with other gaseous molecules. The strength of the 336 

PA signal is only monitered in terms of NO2 concentration. Whereas, presence of other gases 337 

leads to broadening of the profile of acoustic modes along with the shift from actual calculated 338 

values of modes.  339 

The rupture of single bond (C-N) molecules requires lower energy than the double bond 340 

(N=N) molecules. This is because, the double bonded molecules have higher bond strengths. 341 

Therefore, the process of  decomposition of reported 1,2,4-triazoles is completed in two steps. In 342 

first step, the triazole moeity is seperated from the phenyl ring and the final step follows with 343 

concerted ring breaking. The aromatic ring like triazole moeity requires high energy than the 344 

aliphatic groups such as -CH3, -OCH3 and -NH2 for seperation from the ring. The entire 345 

molecules along with their principal functional groups are decomposed easily at high 346 

temperature. However, during the pyrolysis of HEMs compounds between 30-350 oC range 347 

release their fragments and higher concentration of gaseous products at Tm, Td, and after crossing 348 

the Td. Which shows that the thermal stability of compounds. The expected order of ceased 349 
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functional groups from the ring during the process of decomposition with respect to the supplied 350 

heat energy is listed in Table. 2.  351 

Table. 2  The expected order of ceased functional groups during pyrolysis based on bond lenghts. 352 

Compound Order 
P-Me-DNPT                                                                                      -CH3,  -NO2, -triazole 
P-OMe-DNPT -NO2,  -triazole, -OCH3   
P-NH2-DNPT -NO2,  -triazole, -NH2    

The decomposition mechanism might be more complex and it may involve bond rearrangements 353 

and isomerizations before fragmentation or decomposition. However, the order of ceased 354 

functional groups can be confirmed on the basis of PA spectra of compounds in terms of their 355 

excited acoustic modes and intensity of PA signal.  356 

The estimated percentile residual quantity of compound from weight loss curve at 400 oC for 357 

P-Me-DNPT: 3 % (Initial wieght (Iw): 1.589 mg) , P-OMe-DNPT: 10 % (Iw: 1.002 mg) and P-NH2-358 

DNPT: 15 % (Iw: 3.254 mg). The highest PA signal obtained for this succesive compound at t = 359 

0.5 ms and are given by 54.11, 19.36 and 582.99 mV. While, for t = 1 ms, the strength of the 360 

signal is of the order of 30.08, 9.7 and 36.12 mV, respectively. Even though the initial weight of 361 

P-OMe-DNPT is less, but it show comparatively high residual weight and lower strength of the PA 362 

signal than other the two compounds. Therefore, on the basis of the residual weight from TG-363 

DTA and the obtained strength of the PA signal the efficiency of these compounds as a rocket 364 

fuel is found in the sequence of P-NH2-DNPT > P-Me-DNPT  > P-OMe-DNPT, respectively. The 365 

similar order is applicable for explosive properties of these compounds. The efficiency of these 366 

compounds as a rocket fuel is ascertained on the basis of released quantity of NO2 molecules in 367 

temrs of strength of PA signal. Because, NO2 is identified as freely released gas during the 368 

pyrolysis of HEMs which is treated as a thermal marker 29,30,31.   369 

3.7. Comparisons between GC-MS and PA techniques   370 
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The Gas chromatography mass spectroscopy (GC-MS) is a well known analytical technique 371 

which is used for solid, liquid and gases. It works on the principle of column seperation for 372 

which the solid sample is required to be dissolved in a perticular solvent. Moreover, entire 373 

process starts above 200 oC of oven. The solid compound heated upto required temperature and 374 

introduced to oven along with injector (N2 or He). Then after measured the individual 375 

concentrations of each gas composition based on their column condition and the retension time. 376 

However, the PA pyrolysis technique is a simple non distructive in nature which does not require  377 

sample preparation and need very small quantity of solid samples. Here, excitation laser 378 

wavelength is selected according to the absorption characteristics of released gas (for our case 379 

NO2) from the solid compound. In addition, it does not required any purge gas. The PA signal is 380 

produced due to non radiative transition which is detected by a prepolarized microphone. This is 381 

treated as one of the most sensitive detection technique and have low level detection limit of the 382 

order of ppb. The GC-MS requires vapor minimum pressure of the order of 10 Torr, whereas PA 383 

technique needs  vapor even less than 1 Torr. Furthermore, the controlled pyrolysis of the 384 

compound helps us to monitor the release of NO2 gas at different temperatures. Apart from NO2 385 

other gaseous components can also be identified by the selection of tunable laser wavelengths. 386 

Unlike GC-MS, the present form of PA technique is based on 532 nm wavelength is not able 387 

to monitor the individual concentrations of byproduct gaseous molecules released from HEMs 388 

during the thermal decomposition process. However, we can monitor the release of NO2 below 389 

the melting temperature to study the thermal stability of the compound. Also, the change in the 390 

density of vapor is observed in terms of shift in the frequency of acoustic modes.  391 

4. Conclusions  392 
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We have successfully recorded the thermal PA spectra of the newly synthesized 1,2,4-triazoles. 393 

The role of the bond breaking mechanism of principal functional groups during thermal 394 

decomposition process between 30 and 350 oC range, has been examined in terms of their bond 395 

lengths. The thermal stability of these compounds explained based on strength of PA signal and 396 

TG-DTA analysis. In addition, the efficiency of these compounds as rocket fuel for military 397 

applications, explosives have been investigated and found in given order P-NH2-DNPT > P-Me-398 

DNPT > P-OMe-DNPT. The effect of incident laser energy and data acquisition time on PA signal 399 

of the compounds is also studied. The study reveals that the compound P-NH2-DNPT requires less 400 

incident laser energy as compared to other compounds. In case of reported phenyl series 1,2,4-401 

triazoles � ≤ 1 ms is the suitable data acquisition time to record their thermal photoacoustic 402 

fingerprint spectra.  403 
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