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Abstract: This paper is in continuation of our previous report which was based on 532 nm 6 

wavelength pulsed photoacoustic (PA) technique of nitro rich energetic materials named 1-7 

(4-Methyl-3,5-dinitrophenyl)-1H-1,2,4-triazole(P-Me-DNPT),1-(4-Methoxy-3,5-dinitrophenyl) 8 

-1H-1,2,4-triazole  (P-OMe-DNPT),  2,6-Dinitro-4-(1H-1,2,4-triazol-1-yl) aniline (P-NH2-DNPT) 9 

between 30-350 
o
C temperature range 

1
. In the present work, the PA fingerprint spectra, 10 

thermal stability and efficiency of these compounds as rocket fuel have been evaluated using 11 

fourth harmonic i.e. 266 nm wavelength  of 7 ns pulse duration and 10 Hz repetition rate as 12 

an excitation source. The entire study is based on photodissociation process due to π*←n 13 

electronic transition in NO2 molecules which is initiated inside the PA cell. The result 14 

obtained from PA technique and thermo gravimetric-differential thermal analysis (TG-DTA) 15 

data confirm the multistep decomposition mechanism. The study also provides the stable 16 

thermal quality factor “Q” which is linked to the stability of the compound. 17 

Keywords: Thermal PA spectra, 266 nm, 1, 2, 4-1H-triazoles, stability, photoacoustic   18 

 19 

 20 

 21 

 22 

 23 

1. Introduction  24 
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2 

 

Triazoles and their derivatives have the advantage of high nitrogen content and density, good 25 

thermal stability, low impact sensitivity and high explosive volume, less molecular weight, 26 

because of which they can be used both for civil and military applications such as explosives, 27 

propellants and pyrotechnics 
2,3

.  Researchers have made continuous efforts to develop new 28 

high energy materials (HEMs) having good thermal stability, impact and shock insensitivity, 29 

good performance, and environmental friendly syntheses for future military and space 30 

applications 
4,5

. Several groups have focused on theoretical and experimental studies to 31 

understand the thermal decomposition (TD) mechanism and stability criteria of different 32 

types of energetic 1, 2, 4-triazoles 
6-13

.  Zhang Rui-Zhou et al. reported theoretical studies on 33 

a series of 1,2,4-triazoles derivatives as potential high energy density compounds 
2
. The 34 

decomposition mechanism of other HEMs molecules can be studied using different types of 35 

analytical techniques 
14-21

. 36 

Tagomori et al. examined the thermal decomposition mechanism of 1H-1,2,4-triazole 37 

(1Htri) and its derivatives with different substituent such as -NO2, -NH2, -CH3, -OCH3 and -38 

COOH using sealed-cell differential scanning calorimetry (SC-DSC) 
6
. However, in the 39 

present case, the molecules 1, 2, 4-triazoles have identical structures with different chemical 40 

substituent such as -CH3, -OCH3, and -NH2 which are present at para position of phenyl ring. 41 

The role of these substituent was investigated during the process of thermal decomposition 42 

between the temperature range of 30-350 
o
C using pulsed photoacoustic pyrolysis technique. 43 

The released quantity of gaseous products was measured in terms of the strength of PA 44 

signal, which depends on the density of compounds. 45 

The PA technique works on the principle of detection of acoustic pressure wave generated 46 

by HEMs vapor after absorption of incident laser radiation of suitable wavelengths. It is well 47 

known that the vapor of HEMs molecules and their byproducts have strong absorption in 266 48 

nm wavelength range and are involved in photo dissociation process due to π*←n transitions 49 
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22,23,24
. The HEMs compounds release several byproduct gaseous molecules, such as NO2, 50 

NO, CO2, CO, HCN and H2O in the process of thermal decomposition. In our earlier reports, 51 

we have investigated thermal decomposition of a different type of HEMs from triazole 52 

derivatives of benzyl and phenyl series using pulsed PA technique and established that NO2 is 53 

one of the principal byproduct gases 
1,

 
25,

 
26

. For this study 532 nm wavelength was used as an 54 

excitation source. However, when we select 266 nm as an excitation wavelength, the study of 55 

thermal decomposition is shifted to total compound vapor. Several research groups reported 56 

that laser-based excitation is responsible for reduction of activation barriers for 57 

decomposition reactions 
22,27,28

.  Kimmel .et al suggested the dynamics and steady roots of 58 

TD mechanism of HEMs molecules with NO2 and NO as byproducts 
29

.  Several research 59 

groups reported that NO2 molecules photo dissociated to NO in presence of ultraviolet (UV) 60 

radiations 
30-35

. It is also known that NO2 is one of the principal byproduct gas obtained 61 

during the decomposition of HEMs compounds. Therefore, NO2 molecules follow the root of 62 

photo dissociation (inside the PA cell) and converted into NO in presence of UV light (i.e. in 63 

present case 266 nm). The root of photo dissociation is shown in Eq (1): 64 

                                                          
2NO hv NO O+ → +                                                    (1) 65 

 Therefore, it is inferred that the major contribution to PA signal due to NO molecules. In 66 

the present case, the thermal stability of the reported compounds was examined based on 266 67 

nm wavelengths and the study helps us to ascertain the efficiency of these compounds as a 68 

rocket fuel.   69 

Kommu et al reported the synthesis of present studied compounds labeled as P-Me-DNPT, 70 

P-OMe-DNPT and P-NH2-DNPT 
36

. The estimated values of densities are 1.62, 1.64, and 1.66 71 

g/cm
3
;
 
respectively. Fig. 1(a-c) shows the line-bond structures of these compounds. These 72 

molecules have similar structures with difference in their principal functional group occupied 73 

at para position of phenyl ring. The para position is replaced by -CH3, -OCH3 and -NH2 74 
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groups. Therefore, these compounds release homogeneous mixture of NO2 and other gaseous 75 

products during thermal decomposition. The selection of 266 nm as an excitation wavelength 76 

provides the signature of the compounds in terms of generated PA signal for the given PA 77 

cell.  78 

 79 

Fig. 1. Line-bond strutures of (a) P-Me-DNPT, (b) P-OMe-DNPT, and (c) P-NH2-DNPT. 80 

2. Experimental Arrangements 81 

The experimental set up used in the laboratory is shown in Fig. 2. The PA cell, which was 82 

used in the experiment to record the thermal PA spectrum, was made up of stainless steel. It 83 

has internal diameter of 1.5 cm and length of 7.5 cm. The quartz windows were placed on 84 

both sides of the cell to allow laser radiation. Solid HEMs compounds (~1.0 mg) were placed 85 

in a round bottom flask for controlled pyrolysis between 30 and 350 
o
C range. A needle valve 86 

was used to control the rate of flow of vapor through the inlet. The photoacoustic signal (PA 87 

signal) produced by the vapor is detected by pre-polarized microphone of responsivity 50 88 

mV/Pa (BSWA, China). The output signal of the microphone was fed to the preamplifier, 89 

which was coupled to the 200 MHz oscilloscope (Tektronix, U.S.A). The output signal of 90 

oscilloscope was then connected to a personal computer, which has LabView software 91 

installed to carry out the data analysis. 92 

 The melting and decomposition temperatures of samples are measured by Thermo 93 

Gravimetric-Differential Thermal Analysis (TG-DTA instrument: Model No. Q600DT). The 94 
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solid compound was introduced into an alumina crucible and heated between 25-400 
ο
C 95 

temperature range under nitrogen gas atmosphere (flow rate of 100 cm
3 

/ min) which works 96 

as the purge and protective gas. Non-isothermal TGA runs were conducted between 25-400 97 

o
C range in nitrogen atmosphere with purge rate of 10 

o
C /min. In addition, FTIR spectra 98 

were obtained in dichloromethane solution using a JASACO FT/IR- 5300 spectrometer in the 99 

region of 400-4000 cm
-1

. 100 

 101 

Fig. 2.  Experimental set up. 102 

3. Results and discussions  103 

3.1.  FTIR spectra  104 

 Fig. 3(a-c) shows the FTIR spectra of compounds recorded in dichloromethane solution. 105 

Inset tables show the wave number range of the corresponding functional groups. In addition, 106 

inset images show the chemical molecular structure of the compounds.  107 
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 108 

               Fig. 3 IR spectra of (a) P-Me-DNPT (b) P-OMe-DNPT and (c) P-NH2-DNPT.  109 

3.2. Thermal PA fingerprint spectra of compounds 110 

Fig. 4(a-c) shows the thermal PA spectra of P-Me-DNPT, P-OMe-DNPT and P-NH2-DNPT, 111 

respectively. The PA spectra were recorded between 40-350
 o

C range, at Ein = 10 µJ and t = 112 

0.5 ms. The HEMs vapor and its dissociation fragments such NO2, NO, CO, CO2, HCN and 113 

H2O etc. have strong absorption at 266 nm wavelength. Therefore, very low incident laser 114 

energy of the order of 10 µJ is sufficient to generate a strong PA signal. The PA spectra of 115 

these compounds have similar excited acoustic modes located at 3.8, 8.4, 13.8, 27.8 and 38.8 116 

kHz, respectively. The central frequency of acoustic modes varies from compound to 117 

compound. Whereas, it remain unchanged as a function of temperature for each compound. 118 

This indicates that compounds release similar type of gaseous mixture during their 119 

decomposition process between the 40-350 
o
C temperature range. The central frequencies of 120 

acoustic modes have shifted to ± 200 Hz from one to another compound. 121 
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 122 

Fig. 4. Temperature based PA spectra of (a) P-Me-DNPT, (b) P-OMe-DNPT and (c) P-NH2-DNPT. 123 

Fig. 4(a-c) exhibits the significance of PA signal obtained at initial temperature i.e. 40 
o
C. 124 

This supports our earlier findings that NO2 released before melting temperature 
37,38

.  Also, 125 

the molecules vapor has strong absorption at 266 nm, which are released after melting 126 

temperature. However, before melting temperature only NO2 is released in low quantity as a 127 

result small PA signal is obtained at 40 
o
C. The PA signals of P-Me-DNPT, P-OMe-DNPT and P-128 

NH2-DNPT become more intense after crossing the temperatures of 130, 180 and 190 
o
C 129 

respectively. Before reaching these temperatures, the compounds exhibit constant PA signal, 130 

which clearly indicates their thermal stability. The maximum strength of PA signal is 131 

obtained above the decomposition temperatures i.e. at 310 
o
C for P-Me-DNPT, 330 

o
C - P-OMe-132 

DNPT and 300 
o
C for P-NH2-DNPT. However, the decomposition temperature of these 133 

compounds lies near to 270 
o
C, the exact values of as shown in Fig. 5(d,e,f) are present at 134 

260, 275 and 270 
o
C, respectively. The maximum strength of PA signals obtained for the 135 

compound is in following order: P-NH2-DNPT > P-OMe-DNPT > P-Me-DNPT. Due to the 136 

presence of -NH2 group, P-NH2-DNPT has higher density, which leads to release the high 137 

quantity of gaseous mixture (provides higher strength of PA signal) than the other 138 

compounds.  Many researchers have shown that N-NO2 and C-NO2 bonds are the weakest 139 

bond in energetic ring and the rupture of these bonds is the first step of the decomposition 140 

process 
39,40,41

. In the present case, the chemical substituent -NH2 and -OCH3 increase the 141 
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density of compounds than -CH3 and lead to the release of initially NO2 molecules which is 142 

followed by other gaseous byproducts during the pyrolysis process between 30-350 
o
C, range. 143 

The results obtained from PA technique reveal that higher concentrations of gaseous 144 

molecules are released from P-NH2-DNPT and P-OMe-DNPT as compared to P-Me-DNPT. 145 

Therefore, N, O, and NO2 rich triazole derivatives are potential interesting energetic 146 

compounds due to high density, energy and properties as solid propellants and explosives 
42

.  147 

3.3. Thermal stability of the compounds and their efficiency  as a rocket fuel 148 

Fig. 5(a-c) shows the behavior of excited acoustic modes with respect to temperature, 149 

while, Fig. 5(d-f) exhibits the TG-DTA thermo graphs. Fig. 5(a) shows the intensity of 150 

excited acoustic modes for P-Me-DNPT possess constant in nature between 40-130 
o
C range. 151 

This also confirms that the compound releases same concentration of gaseous fragments. 152 

However, with further increase in vapor temperature, the PA signal shows growth and has 153 

two maximum peaks, which are present at 230 and 310 
o
C respectively. These peaks also 154 

indicate that thermal energy is released in multiple steps, confirming that stepwise 155 

decomposition process of P-Me-DNPT. All the acoustic modes show similar behavior with 156 

variation in their predominant order with respect to temperature. The heat flow curve of P-Me-157 

DNPT has two endothermic peaks as shown in Fig. 5(d), which indicates that the compound 158 

has melting, and decomposition temperatures at 129.80 
o
C, 259.89 

o
C, respectively. The 159 

HEMs compounds possess solid-solid phase transition at the melting temperature, therefore 160 

the heat flow curve shows endothermic peak. However, the ring breaking reactions at 161 

decomposition temperature show either endothermic or exothermic in nature. Due to the lack 162 

of high nitrogen content in P-Me-DNPT, it shows endothermic peak at its decomposition 163 

temperature. The weight loss curves show that P-Me-DNPT is thermally stable up to 150 
o
C, 164 

which lost 95 % of its total weight between 150-235 
o
C, range.   165 
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 166 

Fig. 5. Behavior of acoustic modes and TG-DTA curves of compounds.  167 

Fig. 5(b) depicts that P-OMe-DNPT releases nearly similar quantity of gaseous molecules 168 

between 40-210 
o
C, range. However, the PA signal curves has slightly high intensity near the 169 

melting temperature i.e. 100 
o
C (97.92 

o
C). The intensity of acoustic modes is high at the 170 

temperatures 235 and 330 
o
C. Fig. 4(e) shows the TG-DTA curves of P-OMe-DNPT. It has 171 

melting and decomposition temperatures at 97.92 and 274.43 
o
C, respectively. The weight 172 

loss curve indicates that the compound decomposes gradually between 25-275 
o
C, range.   173 

Fig. 5(c) depicts the behavior of acoustic modes with respect to temperature for P-NH2-174 

DNPT. The intensity of acoustic modes at 8.4, 18.8 and 38.8 kHz does not show any variation 175 

between 40-190 
o
C, range. While for predominant modes present at 3.8 and 28.2 kHz, the 176 

intensity is high at initial temperature. However, all the acoustic modes possess maximum 177 

intensity at 220 and 300 
o
C. The heat flow curve as shown in Fig. 5(f) exhibits that the 178 

compound P-NH2-DNPT has common melting and decomposition  temperature at 270 
o
C. The 179 

process of melting initiates  at 180 
o
C and decomposed at 270 

o
C. However, heat flow curve 180 

exhibits exothermic nature at 293 
o
C 

43
. Therefore, this temperature can be treated as second 181 

decomposition temperature. Also, due to exothermic nature at this temperature, the released 182 
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gaseous concentration is high as a result the maximum strength of PA siganl is obtained. The 183 

weight loss curve shows that the compound is thermally stable upto 150 
o
C,  it losses around 184 

70 % of its total weight between 150-300 
o
C range. The results obtained form both techniques 185 

i.e. in terms of strengths of PA signal and weight loss during the decomposition process 186 

confirms the thermal stability of the compounds.  187 

In addition, the efficiency of these compounds as a rocket fuel is found of the order of P-188 

NH2-DNPT > P-Me-DNPT > P-OMe-DNPT. This evaluation is based on the strength of PA signal 189 

obtained from PA spectra and residual weight measured from the TGA (weight loss) curve. 190 

The values of density (ρ), velocity of detonation (D), detonation pressure (P), initial weight 191 

(Iw), residual weight (Rw) obtained from TG-DTA data and maximum intensity of PA signal 192 

of the compounds are comprised in Table .1.  193 

Table 1 The values of ρ, D, P, Iw, Rw and intensity of PA signal. 194 

Compound  ρ (g/cm
3
) D (km/s)  P (GPa)        TG-DTA PAS (mV) 

t = 0.5 ms  Iw (mg) Rw (%) 

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-NH2-DNPT 1.66 6.66 18.74 3.254 15 101.42 

 195 

The compound P-OMe-DNPT shows less efficiency than that of P-Me-DNPT. Even though, it 196 

has highest PA signal, detonation pressure and velocities compared to P-Me-DNPT. Because, 197 

the measured residual weight is 10 % for the initial weight 1.002 mg. While, the residual 198 

weight is 3% for 1.589 mg of P-Me-DNPT. The compound P-OMe-DNPT having highest residual 199 

weight even for small quantity of initial weight, which indicates that P-OMe-DNPT is less 200 

efficient compound. However, all the solid compounds ~1.0 mg used in the controlled PA 201 

pyrolysis process. The compopund P-NH2-DNPT possess highest density 1.66 g cm
-3

, 202 

detonation pressure 18.74 GPa. Therefore, it releases high concentration of gaseous 203 

byproducts. Consequently, the strength of PA signal is higher as compared to other 204 
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compounds and indicates that it is much efficient material as a rocket fuel.  However, its 205 

velocity of detonation is 6.66 km/s, while for P-Me-DNPT it is 6.40 km/s and P-OMe-DNPT has 206 

6.68 km/s. The compound P-OMe-DNPT has high detonation velocity it might due presence of 207 

additional O atom. A high density is vital to the performance of an energetic material because 208 

the detonation pressure is proportional to the square of its density 
44

. In our earlier report 
1
, 209 

thermal stability of these compounds was evaluated based on released quantity of NO2, which 210 

depends on bond lengths of chemical substituent present in the compound. However, in the 211 

present case the total released vapor is responsible for the generation of acoustic signal. 212 

Therefore, the thermal stability of the compound is evaluated on the basis of released quantity 213 

of total vapor. The results obtained from the both reports confirms that photoacoustic 214 

technique is one of the emerging spectroscopic technique to examine the thermal stability, 215 

and decomposition mechanism of newly synthesized energetic materials and to scale their 216 

efficiency as a rocket fuels in terms of released quantity of gaseous molecules irradiated 217 

using suitable excitation wavelength.  218 

However, the burning temperature of rocket fuels is more than 400 
o
C. Here, the 219 

compounds are directly burnt with oxidizers as a result the compounds release the end 220 

products  of C-H-N-O 
3
. Moreover, in the present experiment recording of PA signal above 221 

400 
o
C is restricted due to the diaphragm of the microphone, which gets damaged at higher 222 

temperature. Therefore, the thermal stability and efficiency of HEMs compounds was 223 

evaluated between 30-350 
o
C range. We have already shown below flash point temperature 224 

range the molecules are releasing higher concentration of gaseous fragments, which can 225 

monitor in terms of strength of PA signals. Therefore, data obtained from photoacoustic and 226 

TG-DTA techniques below 400 
o
C range, the efficiency of the HEMs compounds can be 227 

evaluated.   228 

 229 
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3.4.  Comparative study of PA fingerprints 230 

 The calculated frequencies of the given PA cell are listed in Table. 2. Fig. 6(a-c) shows the 231 

maximum strength of photoacoustic fingerprint spectra of title compounds recorded at 310, 232 

300, and 330 
o
C, respectively. The inset figure shows the time signals recorded at incident 233 

laser energy Ein = 10 µJ and data acquisition time t = 1 ms. The excited acoustic modes 234 

(which have intensities higher than 1.0 mV) and corresponding intensities are comprised in 235 

Table. 3. 236 

 The structures of the compounds are similar except their major chemical substituent 237 

present at para position of phenyl ring. These compounds release similar type of gaseous 238 

mixture with different concentration. As a result, the compounds possess similar cavity 239 

modes with small shift in the frequency and they have different intensities. The intensity of 240 

acoustic modes are high for P-NH2-DNPT, and also this compound has additional modes 241 

compared to other samples. It is clearly observed in Table 3, that the excited acoustic modes 242 

have small shift in their central frequencies from one sample to another sample. 243 

 244 

Fig. 6. PA fingerprint spectra at decomposition temperatures, t = 1 ms.  245 
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Table 2 Calculated frequencies of PA cavity.   246 

     247 

 Table 3 Excited acoustic modes and their intensities. 248 

P-Me-DNPT f (kHz) :  3.1   3.8     4.3   8.4   13.6   18    27.6   37.5   38.4   39.3   

I  (mV) : 8.3   25.5   6.9   4.4   12.9   1.1    26.1   1.1     4.2    1.3   

P-OMe-DNPT f (kHz) : 3.1   3.8    4.3   8.4   13.7    18    20.9   27.7   28.4    38.5   39.5   

I  (mV) : 7.9   23.6  4.9   2.9   10.1   1.1   1.0     20.4    5.8     2.5     1.2   

P-NH2-DNPT f (kHz) : 3.2    3.9    4.3   8.5  13.9  18.3  21.2  22.8  28.1  28.7   38.1  39  39.7  42.1  45  51.5 

I (mV) : 18.2  60.3  14.1 7.8   28.5  3.8    2.8   3.6    63.2  22.9   4.3    9.5  4.7    3.1   5.7 3.1 

 249 

The calculated frequencies of the PA cavity shows the first radial and azimuthal 250 

eigenmodes are overlapping with sixth and twelfth longitudinal modes, respectively. These 251 

are the predominant modes in PA spectra of compounds occupied at 13.8 and 27.8 kHz, 252 

respectively.  253 

3.5.  Effect of data acquisition time  254 

Fig. 7(a-c) depicts the PA spectra of compounds while Fig. 7(d-f) shows the behavior 255 

of excited acoustic modes with respect to the data acquisition time. The density/concentration 256 

of released gaseous mixtures varies as a function of temeperature which  are high at either 257 

melting or decomposition temperatures. In addition, the compound releases all types of 258 

byproducts  at the decomposition temperature. Therefore, the behavior of acoustic modes 259 

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

f (kHz) :                 2.28   4.57   6.86     9.14   11.43  13.72   16.00     18.29     20.58   22.86     25.15 

Longitudinal (q) :   12      13       14       15      16         17         18       19        20        21        22 

f (kHz):                  27.44  29.72  32.01  34.30  36.58   38.87   41.16   43.44   45.73   48.02   50.30 

Radial (n) :   1             2            3  

f (kHz):         13.4       22.2        30.5 

   Azimuthal (m):          1                 2  

    f (kHz):                  27.89            38.8  
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with respect to data acquisition time was measured for three compounds at their 260 

decomposition temperatures i.e. at 260, 275 and 270 
o
C, respectively.  As we know that 261 

within short collision time, the amplitude of generated acoustic signal is high. Therefore, the 262 

PA spectra recorded at lower data acquisition times have high intensities. In PA spectra of P-263 

Me-DNPT, at t = 0.5 ms, the acoustic modes at 3.8 and 27.8 kHz have almost near intensities. 264 

Similarly, the modes 3.8 and 13.8 possess identical intensities for P-NH2-DNPT, while the 265 

behavior of modes for P-OMe-DNPT is different from one to another. This indicates that the 266 

variation in the velocity of acoustic pressure wave is due to the change in the concentration of 267 

released vapor. As a result, the predominant order and the excitation behavior of acoustic 268 

modes vary from compound to compound with respect to data acquisition time.  269 

 270 

Fig. 7. (a, b and c) PA spectra and (d, e and f) behavior of acoustic modes with data 271 

acquisition time for P-Me-DNPT, P-OMe-DNPT, and P-NH2-DNPT respectively. 272 

The excited acoustic modes for all the compounds possess exponential decay behavior having 273 

different decay times (tnon).  For all the compounds, at t= 0.5 ms ~ 28 kHz has high intensity. 274 

Further increase of data acquisition time the acoustic mode ~ 3.8 kHz replaced the 275 
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predominant position. Therefore, this mode has higher decay times compared to all other 276 

modes. The decay times of excited acoustic modes are shown in Table 4.  277 

Table 4 Decay times of excited acoustic modes.  278 

P-Me-DNPT 

 

Mode  (kHz) 

tnon (ms) 

3.8     8.4     13.8     27.8    38.4 

1.17   0.75   0.71     0.52    0.38 

 

P-OMe-DNPT 

 

Mode  (kHz) 

tnon (ms) 

3.8      8.4     13.8     27.8    38.8 

1.41    0.70   0.61     0.63    0.41 

P-NH2-DNPT Mode  (kHz) 

tnon (ms) 

3.9      8.6      13.8    28.2    39.2 

0.77    0.43    0.68    0.45    0.38 

 279 

3.6. Quality factor  “Q” 280 

The quality factor “Q” is defined by the ratio of central frequency to the full width half 281 

maximum (FWHM) of the excited acoustic mode. Fig. 8(a-c) shows the Lorentz fit of 282 

experimental data points for the acoustic mode present at ~13.8 kHz. This is one of the 283 

common acoustic mode present in PA spectra of compound and also have sharp profile. 284 

Therefore, this mode was chosen to evaluate the quality factor.  285 

 286 

Fig. 8. Lorentz fit of acoustic modes  287 

Fig. 8 clearly shows that the central frequency of acoustic modes do not vary with respect 288 

to vapor temperature. It confirms that the entire gaseous mixture absorbed the incident laser 289 

radiation of 266 nm wavelength and generated strong PA signal. However, in the case of 290 
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excitation wavelength 532 nm, the PA spectra is produced by thermally released NO2 291 

molecules and the presence of other gaseous mixtures leads to changes in the central 292 

frequency of acoustic modes 
45

. The quality factors of PA cell at 13.7 kHz with respect to 293 

temperature are comprised in Table 5.  294 

Table 5 Quality factors  295 

Compound  Temperature and quality factor  

 

P-Me-DNPT 

T (
o
C)  :  40  80   130  160   200  230  260   280   310 

Q         :  37   11   31    68    68     34    23     25     26 

 

P-OMe-DNPT 

T (oC ) :  40  80   100  140  180   210  235   275  300  330  350 

Q         :  22   22   23    27    28    32     26     24    39    57    30 

 

P-NH2-DNPT 

T (
o
C)  :  40   80   110   150   190   220   270   300   330   350 

Q         :  22   22   43     39     39    25     29      28     24    27 

 296 

 The compound P-Me-DNPT has highest quality factor i.e. 68 obtained for 160 and 230 
o
C. 297 

While, Q: 57 achieved at 330 
o
C for P-OMe-DNPT, and Q: 43 are obtained for P-NH2-DNPT. The 298 

values of quality factors listed in Table 4 reveal that individual compounds have almost 299 

identical values except at certain temperatures that have high value of quality factors. 300 

Therefore, the constant values of Q for each compounds demonstrate that their thermal 301 

stability.  302 

 The present study shows that the reported compounds are thermally stable and follows the 303 

stability order P-OMe-DNPT > P-Me-DNPT > P-NH2-DNPT. However, the efficiency of these 304 

compounds as rocket fuels follows the order: P-NH2-DNPT > P-Me-DNPT > P-OMe-DNPT. In our 305 

earlier report based on 532 nm wavelength it was also proved that these materials are 306 

thermally stable and efficiency of the compounds as rocket fuels follows the similar order 
1
.  307 

Therefore, we are proposing that irrespective of excitation wavelength (based on different 308 
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gaseous absorption properties) using pulsed photoacoustic pyrolysis technique, we can study 309 

the thermal decomposition and stability of HEMs molecules.  310 

4. Conclusions 311 

 We have made a successful record for the thermal PA fingerprint spectra of 1-(4-Methyl-312 

3,5-dinitrophenyl)-1H-1,2,4-triazole (P-Me-DNPT), 1-(4-Methoxy-3,5-dinitrophenyl)-1H-313 

1,2,4-triazole (P-OMe-DNPT), 2,6-Dinitro-4-(1H-1,2,4-triazol-1-yl) aniline (P-NH2-DNPT) using 314 

Nd: YAG laser system of 266 nm wavelength of pulse duration 7 ns and repetition rate 10 315 

Hz. The thermal decomposition mechanism and stability criteria of these compounds are 316 

explained based on the strength of PA signals and TG-DTA data. The role of chemical 317 

substituent has been studied in the comparative fingerprint spectra of the compounds. The 318 

effect of data acquisition time is studied to understand the decay behavior of acoustic modes. 319 

Thermal quality factor of the PA cavity is also measured to test the stability of the 320 

compounds. The obtained results also show that high density of compounds leads to higher 321 

strength of PA signals, which enhance the efficiency of the compounds as a rocket fuels. The 322 

efficiency of these compounds as per military application such as rocket fuel and explosives 323 

is found which follows the order of P-NH2-DNPT > P-Me-DNPT> P-OMe-DNPT.  324 
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