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ABSTRACT 

(E)-Methyl-2-hydroxy-5-((3-nitrophenyl)diazenyl)benzoate(MHNDB) was prepared from 

diazotisation of m-nitroaniline sodium nitrate with conc. HCl at 0-5oC and coupled with 

methylsalicylate at pH 8-9. The obtained product was characterized by using microanalysis, FT-IR, 1H 

and 13C NMR, and mass spectral techniques. Thermal decomposition curves (TG, DTA, and DTG) at 

different heating rates were recorded for MHNDB in the air atmosphere. TG curves show that MHNDB 

was decomposed in a single step with an A2 decomposition mechanism. Friedman, KAS, and FWO 

methods determined the energy of activation and frequency factor. The invariant kinetic parameters 

coincided with values obtained by the Friedman and FWO methods. Thermodynamic parameters were 

also investigated. 

KEYWORDS: Non-isothermal, Master plot, Friedman, Flynn-Wall-Ozawa, Kissinger, Akahira, 
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INTRODUCTION 

Methylsalicylate is a physiological and biochemical process regulator. It is produced by plants, 

which also contribute to the synthesis of lignin, which is resistant to disease, abiotic stress, and 

allelopathic stress.1-4 The volatile substance methylsalicylate, which confers resistance in plants, is 

derived from salicylic acid. It is also a helpful tool for treating ailments.5-8  Kalaivani et al.9investigated 

for enhancing methylsalicylate activity in the rice seed sector to encourage development and output. 

Methylsalicylate was added in smaller amounts to mints, ice cream, and perfumes, whereas larger doses 

were a rubefacient and analgesic for muscle and joint pain. Nowadays, methylsalicylate is widely used 

in the atmosphere and is necessary for its detection and decrease. Anti-inflammatory solid effects are 

exhibited by methyl salicylate compounds, including piperazine.10 In traditional Chinese medicine, 

methyl salicylate glycosides are a typical therapy for rheumatoid arthritis.11They are studied for potential 

utility in treating a variety of ailments in both humans and plants due to their pharmacological 

qualities.12 

          Azo compounds are widely used as colorants in consumer products such as food coloring, textiles, 

printing, cosmetics, and pharmaceuticals. Currently, about 3000 azo dyes are in use throughout the 

world. It is separated into four groups: dyes that are monoazo, diazo, triazo, and polyazo. But most of 

them are monoazo compounds, which join two aromatic systems structurally through the azo 

chromophore and another use is in analytical chemistry.13 

On the other hand, azo compounds have demonstrated biological activities that include antioxidants, 

polymeric biodegradable prodrugs, antibacterial properties,14,-17 and medicinal uses, as well as the 

suppression of both Gram-positive and Gram-negative bacteria in solvents like DMSO and 

DMF.18,19Anions play a significant role in our daily lives since they are necessary for numerous 

industrial activities and physiological processes.20Much work has been reported on designing novel 

anionic species transporters, sensors, and receptors21. Most chemosensors developed to date are 

chromogenic and fluorescent sensors, which change dramatically in their photophysical properties in the 

presence of anions.22 Creating colorimetric anion sensors is one topic of great interest in this context.23 

With these sensors, anions can be found using only the human eye and no spectroscopic equipment.24 In 

recent years, chromogenic sensors for cations,25 have been created. Azo-based colorimetric sensors for 

anions have been the subject of several reports.26-28Nagendra Babu et al29reported the 

thermalvaporization of (E)-methyl-2-hydroxy-5-(phenyldiazenyl)benzoate under non-isothermal 

conditions in air atmosphere.No reports are available on thermal decomposition of ((E)-methyl-2-
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hydroxy-5-((3-nitrophenyldiazenyl)benzoate(MHPDB) under the non-isothermal conditions in the air 

atmosphere. 

EXPERIMENTAL 

Materials and Methods 

m-Nitroaniline, methylsalicylate, sodium nitrite, Conc.HCl and sodium hydroxide were used as 

purchased from analaR grade of SD-fine chemical Ltd, India. 

At Teena laboratories limited, industrial estate, Hyderabad, India, the mass confirmation analysis 

was completed for test methodologies, specifically DIP-MS by Liquid Chromatograph-mass 

spectrometer (LC-MS). A Fourier transform infrared spectrophotometer (FT-IR) was used with Bruker 

alpha apparatus and software to perform the fingerprint of the MHNDB confirmation study, prepared 

using the KBr pellet method and scanned by 16 scans at a resolution of 2cm-1 between the frequency 

range of 4000-650 cm-1.1H (400 MHz) and 13CNMR (100 MHz) spectra were recorded at Agilent-SA 

equipped with software, Hyderabad, India. The thermal analysis was carried out using a 

Thermogravimetry and Differential thermal analyzer, Simultaneous Thermal Analyzer, STA 7200, 

Hitachi HTG, Japan, at Vignan University, Guntur, Andhra Pradesh.  TG, DTG and DTA analyses in a 

ceramic crucible under a static air atmosphere (100 mL min-1) with a sample mass of about 8 mg and 

heating rates of 5, 10, and 15 K min-1 from 23 to 700oC. The sample temperature, which is controlled by 

a thermocouple, did not show any consistent departure from the predetermined linear temperature 

program. Equipped software was used to calculate the kinetic parameters Ea and ln A.  

Synthesis of ((E)-methyl-2-hydroxy-5-((3-nitrophenyl)diazenyl)benzoate(MHNDB) 

m-Nitroaniline was used as the starting material for the synthesis of the azo compound,29 which 

was diazotisation with a cold solution of sodium nitrite and concentrated hydrochloric acid, followed 

by an aqueous sodium hydroxide (10%) solution of methylsalicylate. A brownish substance was 

isolated, filtered out, washed with aqueous methanol, and then recrystallized with ethanol. This was 

characterised by GC mass m/z 123, FT-IR(cm-1), 3210  (O-H),2952 (C-H), 1678 (C=O), 

1439(C=C),  1159 (N=N),  1070 (C-O) and 836 (C-H).1H-NMR (400 MHz, DMSO-d6)  10.992 

(1 H), 8.300 -8.293(d, 1H), 8.089-8.062 (dd,3H), 7.880-7.862(d,2H), 7.632-7.532 (3H), 7.204-7.181 

(1H), 3.986-3.942 (3H). 13C-NMR (100 MHz, DMSO-d6) 168.24 (ester carbonyl), 162.16 (C-O), 

151.75 (C-N), 144.42 (C-N), 131.08, 129.32, 128.72, 125.54, 122.35,118.50,113.96 (aromatic carbons) 
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and 52.61 (O-CH3).  

Model-free iso-conversional methods 

         mi, mt, mα, are represented as initial mass, mass at a particular temperature, and final mass of 

sample,  respectively. The degree of conversion can be determined from the below equation.  

α= 
ି

ିഀ
 

Friedman’s method 

         Friedman's 30 model-free (iso-conversational) kinetic analysis method is used to determine the 

impact of activation energy Eα on the degree of conversion().  From the linear plot of ln [β dα/dT] 

versus 1/T,  the activation energy and a frequency factor are obtained from the slope and intercept.   

𝑙𝑛 ቂ𝛽
ௗఈ

ௗ்
ቃ= 𝑙𝑛[𝐴ఈ𝑓(𝛼)] −

ாೌ,ഀ

ோ்ഀ
                                                                                  …….(1) 

Flynn-Wall-Ozawa (FWO) method 

         The FWO31 procedure is a model-free method that entails plotting ln(β) versus 1/T, 

determining Ea from the slopes of such plots, and measuring the temperatures corresponding to fixed 

values of degree of conversion ()  from experiments at different heating rates, β. 

𝑙n β = 𝑙𝑛 ቂ
.ସ଼ ாೌ

(ఈ) ோ
ቃ − 1.0516

ாೌ

ோ்
                                                                            …….(2) 

Method of Kissinger, Ahira, and Sunose (KAS) 

         The KAS 32is a model-free, isoconversional kinetic analysis method that establishes the 

connection between activation energy Ea and degree of conversion α for dynamic studies at various 

constant heating rates β. The plotting of ln (β/T2) versus 1/T reveals the slope and intercept of the 

linear plot, from which the activation energy and the frequency factor, can be determined.  

ln (
ఉ

்మ
) = 𝑙𝑛 ቂ

ாೌ

(ఈ) ோ
ቃ −

ாೌ

ோ்
                                                                                          …….(3) 

Model-fitting method 

Coats and Redfern 

         Model fitting—kinetic parameters were computed using approximately fifteen models—was 

used in the Coats and Redfern 33 algorithm. Out of the fifteen models, one is the best linearity. A 
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linear plot of ln [(g(α))/T2 ] versus 1/T yields the pre-exponential values and the activation energy 

from the intercept and slope, respectively.  

ln ቂ
(ఈ)

்మ
ቃ = 𝑙𝑛 ቀ

ோ

ఉாೌ
ቂ1 − ቀ

ଶோ்∗

ாೌ
ቁቃቁ −

ாೌ

ோ்
……(4) 

Kissinger equation for peak temperature 34 

ln ቀ
ఉ

்
మ ቁ =  −

ாೌ

ோ ்
 + ln ቀ

ோ

ாೌ
ቁ            .……(5) 

The frequency factors and thermodynamic parameters are estimated from the following equations: 35-

40 

𝐴 =  
௫ಳ்ು


exp (

∆ௌ#

ோ
)  ……. (6) 

𝛥𝑆ஷ = 𝑅 ln 


ఞಳ ்
   ……. (7) 

Since𝛥𝐻ஷ = 𝐸 − 𝑅𝑇 ...…. (8) 

𝛥𝐺ஷ = 𝛥𝐻ஷ – 𝑇𝛥𝑆ஷ ……. (9) 

         Where R (R= 8.314 JK-1mol-1) is the gas constant, h (h = 6.626x10-34 J sec-1) is the Planck 

constant, kB(kB= 1.38x10-23JK-1) is the Boltzman constant, Tp is the peak temperature of the DTG curve 

and A, H#, S#, G# are the frequency factors (A), enthalpy(H#), entropy(S#) and free energy of 

activation (G#), respectively. 

RESULTS AND DISCUSSION 

         The decomposition of the MHNDB takes place in a single stage, as shown in the TG curves at 

different heating rates of 5, 10, and 15 K min-1 (Fig. 1). According to TG curves, MHNDB begins to 

melt at 162.5°C and decompose around 200°C. The peak of the curves corresponds to the weight loss 

shown in the TG curves while heating MHNDB from room temperature to 200°C and ending at 320°C. 

As the heating rate increases, the maximum temperature shifts to higher temperatures in all of the 

asymmetric thermogravimetric curves. 
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Fig.1.Thermal decomposition of MHNDB at the heating rates 5, 10 and 15K m-1 under 
non-isothermal conditions. 

 

Model-free analysis 

         The thermal behaviour of MHNDB was initially examined under non-isothermal decomposition 

using model-free methods such as Friedman,30 Flynn-Wall-Ozawa,31and Kissinger-Akahira-

Sunose32.The data illustrate how the apparent activation energy (Ea) for MNHDB varies with the degree 

of conversion (α). In the conversion range of 0.20 ≤ ≤ 0.90, the Ea value decreases somewhat and 

increases with the degree of conversion (Table 1). The Friedman and FWO isoconversional methods that 

obtained the Ea values are close to each other. Furthermore, the data show that the apparent activation 

energy (Ea) is dependent on the extent of conversion (α), which aids in revealing the intricate nature of 

the decomposition process as well as identifying the mechanism of decomposition. 
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         According to the Friedman method, the average decomposition activation energy (Ea) is 63.96 ± 

1.14 kJ mol-1 (0.10 ≤ ≤ 0.90). It is clear that the activation energies calculated using the Friedman 

approach are somewhat close to those computed using the FWO method and more in line with the KAS 

method. The activation energy is slightly variable in the 0.10 ≤ ≤ 0.90 range regardless of the 

calculation method employed using the Friedman, KAS, and FWO methods, with average values of Ea = 

63.96 ± 1.14, 57.41 ± 1.65, and 75.49 ± 1.04 kJ mol-1, respectively. 

Table1. Temperatures corresponding to the same degree of conversion at 
different heating rates for MHNDB 

 

Temperature (K) Friedman method KAS method FWO method 

5 
(K min-1) 

10 
(K min-1) 

15 
(K min-1) 

Ea   (kJ mol-

1) 
r 

Ea   (kJ 
mol-1) 

r 
Ea   (kJ 
mol-1) 

r 

0.05 501.47 514.60 528.26   81.81 -0.987 85.93 -0.989 
0.1 521.08 535.50 550.86 76.64 -0.983 64.50 -0.989 83.69 -0.988 
0.15 531.63 547.40 563.87 68.77 -0.987 61.77 -0.990 80.81 -0.989 
0.2 539.00 556.10 573.07 66.22 -0.995 59.98 -0.992 78.95 -0.992 
0.25 544.63 562.40 580.17 64.27 -0.985 58.52 -0.992 77.41 -0.991 
0.3 549.38 567.35 585.92 66.62 -0.972 57.75 -0.990 76.61 -0.990 
0.35 553.25 572.07 590.90 61.20 -0.997 56.78 -0.992 75.61 -0.991 
0.4 556.57 575.50 595.21 59.86 -0.951 55.81 -0.990 74.55 -0.990 
0.45 559.59 579.14 599.10 59.73 -0.995 55.12 -0.991 73.84 -0.991 
0.5 562.23 582.67 602.51 58.83 -0.999 54.58 -0.993 73.30 -0.993 
0.55 564.90 586.21 605.70 63.88 -0.994 54.41 -0.995 73.19 -0.995 
0.6 567.53 589.46 608.80 64.88 -0.999 54.27 -0.996 73.10 -0.996 
0.65 570.20 593.12 611.95 63.93 -0.983 54.11 -0.998 73.01 -0.997 
0.7 572.80 596.38 615.05 63.52 -0.997 53.89 -0.999 72.83 -0.998 
0.75 575.80 600.05 618.54 65.15 -0.997 53.75 -0.999 72.75 -0.999 
0.8 579.10 604.00 622.48 63.39 -0.999 53.48 -1.000 72.52 -0.999 
0.85 584.20 609.18 628.46 65.77 -0.988 53.33 -0.999 72.43 -0.998 
0.9 603.00 626.40 652.85 54.69 -0.889 49.62 -0.985 68.45 -0.987 

   Avg 
63.96 ± 
1.14 

 
57.41 ± 
1.65 

 
75.49 ± 
1.04 

 

 

Model-fitting analysis 

         Then, each of the 15 models33given in Table 2 was fitted with the non-isothermal kinetic data of 

MHNDB at 0.10 ≤  ≤ 0.90, where model-free analysis indicated essentially constant activation energy. 

The reaction model that is selected has a significant influence on the values of the activation energy (Ea), 

pre-exponential factor (ln A), coefficient of linear correlation (r), and kinetic models that describe the 

decomposition process. The invariant kinetic parameters technique supports the result drawn based on 

the kinetic data, demonstrating that the decomposition occurred with a single mechanism. 
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Table 2. Determination ofapparent activation parameters by Coats-Redfern method 

for each heating rate MHNDB 

Kinetic 
models 

 = 5 K min-1  = 10 K min-1  = 15 K min-1 

Ea 

  (kJ mol-1)

ln A 

 (A min-1) 
r 

Ea 

(kJ mol-1) 

ln A 

  (A min-1) 
r 

Ea 

(kJ mol-1) 

ln A 

 (A min-1) 
r 

P2 28.78 2.83 -0.970 27.96 3.06 -0.963 27.11 3.02 -0.951 
P3 16.06 -0.34 -0.957 15.41 0.01 -0.946 14.74 0.07 -0.927 
P4 9.74 -2.12 -0.934 9.17 -1.73 -0.917 8.59 -1.63 -0.884 
F1 97.18 18.64 -0.998 95.34 18.20 -0.993 93.56 17.55 -0.985 
F2 139.32 28.49 -0.994 136.92 27.65 -0.990 134.67 26.64 -0.984 
F3 191.51 40.53 -0.981 188.45 39.20 -0.978 185.67 37.74 -0.972 
D1 143.04 27.60 -0.981 140.64 26.74 -0.977 138.22 25.66 -0.970 
D2 159.72 30.81 -0.988 157.02 29.78 -0.984 154.35 28.54 -0.977 
D3 180.88 34.23 -0.995 177.85 32.98 -0.990 174.81 31.52 -0.983 
D4 166.69 30.93 -0.991 163.88 29.83 -0.987 168.44 29.94 -0.977 
A2 43.94 6.68 -0.997 42.87 6.77 -0.991 41.82 6.59 -0.981 
A3 26.16 2.44 -0.996 25.34 2.69 -0.989 24.33 2.62 -0.976 
A4 17.32 0.17 -0.995 16.63 0.50 -0.985 15.95 0.56 -0.968 
R2 80.58 14.00 -0.991 79.00 13.73 -0.986 77.43 13.22 -0.978 
R3 75.89 13.16 -0.987 74.38 12.94 -0.983 72.88 12.47 -0.974 

Invariant kinetic models 

         The invariant kinetic parameters was employed to obtain data for heating rates of 5, 10, and 15 K 

min-1. The kinetic parameters are evaluated using the Coats-Redfern method (Table 2). For these kinetic 

models, the straight lines corresponding to the Coats-Redfern33examination are shown by correlation 

coefficient values that are close to unity in the range 0.10  0.90. Table 3 demonstrates that the values 

of Ea and ln A are influenced by the heating rate and the kinetic model. The pre-exponential factor and 

actual activation energy, which are also referred to as the invariant kinetic parameters, are computed 

simply by plotting ln Aᵢnv vs. Einv for a number of constant heating rates. The resultant straight lines 

should intersect at a specific point (Einv, Ainv).
42-44 

         The evaluation of the invariant kinetic parameters is performed using the supercorrelation 

equation. The plot of aversus b, obtained for three constant heating rates, is a straight line whose 

parameters allow the determination of ln Ainv and Einv.
42-44Erofe’vmodel among all other models, 

although its apparent parameters were obtained with high correlation coefficients (Table 4). 
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Table 3. Compensation effect parameters for several combinations of kinetic models for MHNDB 

                      
(K min-1) 

AKM  
AKM–{P4,F1,F2,F3,D1,D2,A2, 

A3,A4,R2,R3} 

a (A min-1) b (mol J-1) r a (A min-1) b (mol J-1) r 

5 -3.50538 0.21835 0.9972 -3.81262 0.22586 0.9985 

10 -2.91191 0.21174 0.9969 -3.21564 0.21935 0.9983 

15 -2.58618 0.20509 0.9966 -2.91396 0.21321 0.9982 

                      
(K min-1) 

AKM-{F1,F2,F3,A2,A3,A4,R2,R3} AKM-{P2, F1,F2,F3, A3,A4,R3} 

a (A min-1) b (mol J-1) r a (A min-1) b (mol J-1) r 

5 -3.88898 0.23102 0.9995 -3.87019 0.23145 0.9998 

10 -3.2817 0.22451 0.9995 -3.35726 0.22497 0.9998 

15 -2.96869 0.21838 0.9995 -2.95292 0.21883 0.9998 

 

Table 4.  IKP for several combinations of kinetic models for MHNDB 

Kinetic model Einv(kJ mol-1) ln Ainv (A min-1)                       -r 

AKM 69.30 ± 11 11.67 ± 2.5 0.9859 

AKM–{P4,F1,F2,F3,D1,D2,A2, 
A3,A4,R2,R3} 

71.25 ± 12 12.32 ± 2.7 0.9855 

AKM-{F1,F2,F3,A2,A3,A4,R2,R3} 73.02 ± 12.2 13.02 ± 2.73 0.9864 

AKM-{P2, F1,F2,F3, A3,A4,R3} 72.74± 3.84 12.98 ± 0.86 0.9986 

 

Determination of the kinetic model by master plots  

         The integral function of conversion in the solid state nonisothermal decomposition46reactions is 

expressed as 

g() = (


ఉ
) ∫ (

ିா

ோ்

்

బ்
)𝑑𝑇 =(

ா

ఉோ
)𝑝(𝑢)                                                                                  ……(10) 

where p(u) = ∫ (−
షೠ

௨మ

௨

∞
)du and u = E/RT. 

Using a reference at point  =0.5,  and according to FWO method one gets 
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g(0.5) =(
ா

ఉோ
)𝑝(𝑢.ହ)                                                                                                       ……(11) 

where u0.5 = E/RT0.5when equation (11) is divided by (12) the following equation is obtained  

(ఈ)

(ఈబ.ఱ)
  =  

(௨)

(௨బ.ఱ)
            ……(12) 

Plots of g(α)/g(α0.5) against α match the master plots of other hypothetical g(∞) functions that are 

provided in Table 4. An estimated formula46 of p(u) with good precision is used to build the 

experimental master plots of p(u)/p(u0.5) against, using experimental data gained under different heating 

rates: p(u) = exp(−u)/[u(1.00198882u + 1.87391198)]. When the appropriate kinetic model is utilized, 

Eq. (12) indicates the experimental values of g(α)/g(α0.5) are comparable for a given α. The kinetic 

model can be established via comparison of the theoretical and experimental master plots(Fig.2). 

 

Fig. 2. Plot of g(α)/g(α0.5) and p(u)/p(u0.5) versus degree of conversition.  

         By comparing the experimental master plots with  the theoretical ones47-49 we can determine the 

kinetic model related to the thermal decomposition of MHNDB. To confirm the thermal decomposition 

mechanisms of MHNDB, the theoretical master plots of various kinetic functions against α were 

constructed from experimental data for the thermal decomposition stages ofMHNDB under different 

heating rates in air atmosphere. The comparisons of the experimental and theoretical master curves show 

that the thermal decomposition of MHNDB agrees with the A2 master curve for the decomposition 

stage. The pre-exponential factor can be obtained from the intercepts of the regression lines 
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corresponding to various heating rates.A similar type of decomposition mechanism was reported by 

Nagendra Babu et al29for  thevaporization of (E)-methyl-2-hydroxy-5- (phenyldiazenyl) benzoate under 

non-isothermal conditions in the air. By assuming the theoretical A2 laws, the logarithmic value of the 

pre-exponential factor ( ln A) obtained from the correlation coefficient of the plots of ln[1−(1 −α)1/2] 

versus Eap(u)/R for the decomposition stage is found to be 13 ± 0.15 s−1(Fig 3).  

 

Fig. 3. Plot of Eap(u)/βR versus [1-(1-α)1/2 ] for MHNDB 

Thermodynamic parameters 

         Thermodynamic data were determined using equations (6-9)36-41 for MHNDB and values are 

displayed in Table 5. The negative value of entropy, the free energy value is positive, which reveals 

that the decomposition process is endothermic in nature due to the absorption of heat during the 

decomposition process of the studied compound. 

Table 5.  Thermodynamic parameters of MHNDB under non-isothermal condition  (DTG peak temperature) 
 

Heating 
rate oK 

Temp 
oK 

lnA 
(min-1) EakJ/mol 

ΔS 
J/Kmol 

ΔH 
kJ/mol 

ΔG  
kJ/mol 

5 575.70   -144.60 70.48 153.74 

10 601.00 13.72 75.27 ± 5.71 -144.96 70.27 157.40 

15 613.00   -145.13 70.18 159.24 
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CONCLUSION  

 The studied compound decomposed in a single stage with the absorption of heat. The model for 

the decomposition mechanism is A2(Avrami-Erote’v Model). The thermal stability is less and the 

energy of activism by model-free methods coincided almost with Ea by thermodynamic parameters.  

The entropy valve is negative, which indicates that the compound decomposed to a higher state. Free 

energy is positive, which indicates that the absorption of heat and decomposition in non-spontaneous 

processes and confirmed TG-DTG/DTA curves. 
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