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Abstract

:

In this article, we discuss the preparation of organic 2-chloro-5 nitroaniline (2C5NA) crystals and their different kinds of physical, chemical, and mechanical properties. The vertical Bridgman approach was used to effectively produce the bulk organic 2C5NA crystal. To produce a good-quality bulk crystal, the shape, dimensions, and cone angle of the ampoule were optimized. Also, the temperature profile was set for the 2C5NA crystal. The growth atmosphere and the lowering rate were identified to obtain a homogeneous mixture of the compounds and initiate the nucleation process. Single-crystal X-ray diffraction (XRD), powder XRD, proton Fourier transform nuclear magnetic resonance (FT-NMR), and Fourier transform infrared investigations were used to confirm the crystal structure, molecular structure, and presence of functional groups in the formed crystal. The formed crystal has a monoclinic crystal structure with the space group P21/c, according to single-crystal XRD analysis. The thermal stability and kinetic parameters were examined using thermogravimetric analysis and differential thermal curves. From dielectric analysis, the electrical conductivity and dielectric behavior of 2C5NA were investigated with variations in frequency and temperature. The organic 2-chloro-5-nitroaniline crystal demonstrates that the indentation size effect is observed in the Vickers micro-hardness test, which was also carried out.
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1. Introduction


2-Chloro-5-nitroaniline (2C5NA) is a simple organic compound that has an electron-donating NH2 group and an electron-acceptor NO2 group at the fifth position. It is also chlorine attached at the second position of the aromatic ring [1]. It finds applications in the field of organic chemistry and can be used as an intermediate in the synthesis of various pharmaceuticals, dyes, and agrochemicals. It can also be employed as a starting material in the production of other compounds with specific chemical properties. Substituted aniline and nitrobenzene derivative compounds are valuable intermediators for a variety of pigments, dyes, rubber chemicals, etc. [2,3]. For coupling and developing color films, the 2C5NA compound is used as an intermediator. The interactions of intermolecular molecules and the structure of the crystals influence the physical and chemical properties of the crystal. Moreover, the reaction schemes can also be tuned to acquire nonlinear behavior. Centrosymmetric crystals, also known as inversion-symmetric crystals, are a type of crystal structure that possesses a center of symmetry. Centrosymmetric crystals are quite common and include various mineral crystals, such as quartz, calcite, and fluorite. They are also found in many synthetic crystals and materials used in various technological applications. Generally, centrosymmetric crystals do not exhibit second harmonic generation efficiency (SHG); however, they give rise to third-order nonlinear behavior [4,5]. Third harmonic generation (THG) is a nonlinear optical process in which three photons with the same frequency interact within a material, resulting in the generation of a new photon with triple the frequency (three times the energy) of the incident photons. THG is a type of frequency-tripling process. The major applications of third harmonic generation (THG) are optical signal processing, photonic waveguides [6], frequency-resolving optical gating, and optical imaging processing [7]. The investigation of chlorinated benzene compounds is a difficult process due to their toxicity. Though they are toxic compounds, their thermal and kinetic properties should be well-understood in order to avoid unwanted chemical reactivity with the environment during the decomposition process. For the title compound, the formation of enthalpy at various states, such as crystalline solids, liquids, and gases, was obtained and compared with theoretically evaluated values [8].



Two nitrobenzoic acids, some halogenated nitroanilines, and nine novel 1:1 co-crystals of caffeine have been created. They exhibit brittle fractures when a mechanical load is applied [9]. The salts of 2-chloro-4-nitroaniline and 2-methyl-6-nitroaniline we reanalyzed structurally and theoretically. According to theoretical calculations of the relaxed potential energy surface (rPES), the energy barriers for the rotation of the nitro group in isolated H2Cl4Na+ and H2m6Na+ cations are 4.6 and 11.6 kcal mol−1, respectively [10]. The dispersion of organic N-benzyl-2-methyl-4-nitroaniline (BNA) in nematic liquid crystals (LCs) was studied. BNA doping decreases the cell’s threshold voltage because the LC mixture has a higher dielectric anisotropy and a lower splay elastic constant. Due to decreases in the cell’s threshold voltage and the rotational viscosity of the LC mixture, BNA-doped LC cells fall five times faster than pure ones when used in high voltage-differential scenarios. The BNA’s spontaneous polarization electric field (SPEF), which induces an extra restoring force, helps to shorten LC cells’ fall time [11].



A series of new anthranilic diamide analogues (12a–12u) comprising N-substituted phenylpyrazole were designed and synthesized in order to find effective insecticides that target ryanodine receptors (RyRs). These chemicals showed moderate to exceptional insecticidal effects, according to their insecticidal activities. In particular, 12i demonstrated 100 and 37% larvicidal effects at 0.25 and 0.05 mg L−1 against oriental armyworm (Mythimnaseparata), which are equal to those of chlorantraniliprole (100%, 0.25 mg L−1; and 33%, 0.05 mg L−1) [12]. The molecular complex of 2-methyl-4-nitroaniline and trichloroacetic acid, also known as 2-methyl-4-nitroanilinium trichloroacetate trichloroacetic acid (C11H10Cl6N2O6), has been the subject of structural studies using single-crystal and powder X-ray diffraction methods [13]. Based on information from the X-ray co-crystal structure of BRAF, the novel tertiary 1-cyano-1-methylethoxy substituent was created to occupy the hydrophobic region of the protein’s “back pocket”. We also discovered that the amine linker’s N-methylation might influence the twisted molecular shape, improving solubility [14]. By using single-crystal X-ray diffraction, the crystal structures of three novel salts of 2-methyl-3-nitroaniline with inorganic acids—(H2m3Na)NO3, (H2m3Na)2SO4, and (H2m3Na)H2PO4—were identified. The nitro group is not plane with respect to the benzene ring for the structure of the global minimum, which is an unusual conformation among nitroanilines, according to theoretical calculations of the relaxed potential surface [15]. Analyzing the solidification behavior of organic molecules is a very complex process, as they undergo several natural variations in their thermal stability. Hence, only a few organic materials satisfied the melt growth conditions and were adopted to grow into crystals using the melt growth technique. In the case of the title compound, there was no weight loss observed before its melting point, so we adopted the melt growth technique to grow the bulk crystal. The crystal growth of 2C5NA, via the vertical Bridgman technique using a single-wall ampoule, and its characterization are discussed in this paper. In this method, by controlling the temperature gradient and the pulling rate of the crucible, the quality and properties of the crystal can be optimized. The vertical Bridgman technique offers several advantages in crystal growth, including the ability to control crystal composition and doping, as well as a relatively simple setup and operation. However, it also has limitations, such as the possibility of introducing dislocations and defects during the growth process. The cone angle of the ampoule and the physico-chemical, dielectrical, and mechanical properties of 2C5NA crystal, which were examined using various characterization techniques such as single-crystal XRD, powder XRD, proton NMR, FTIR, thermal analysis, dielectric studies, and Vicker’s microhardness test, are elaborated on in detail. Using the Kissinger and Ozawa methods, thermal kinetic parameters were estimated, and from an Arrhenius plot, the thermal and electrical activation energies of the 2C5NA compound were evaluated.




2. Materials and Methods


Through numerous recrystallization procedures, the 2C5NA chemical, which is commercially accessible, was purified. The chemical structure of 2C5NA is represented in Figure 1. Methanol was used as a solvent and 200 mL of supersaturated solution was prepared in a beaker that was kept at room temperature for the recrystallization process. The solution evaporates fast at room temperature; hence, the beaker was tightly covered with polythene paper. Several single and polycrystalline crystals were obtained from the solution growth technique over the course of a week. Good-quality crystals were chosen from the beaker and ground into a fine powder. The powdered feed sample was loaded into a thoroughly washed borosilicate glass ampoule. The density of the title compound is low; hence, the large volume of the ampoule is occupied. The dimensions and cone angles of the ampoule are illustrated in Figure 2. The quality of the crystal can be evaluated using the results obtained from P-XRD, HR-XRD, TG-DTA curve, and cone angle. The cone angle plays a vital role in initiating the nucleation process. The decomposition and melting points are very close for organic molecules. This property can affect the crystalline nature; if we use a very low cone angle, we can avoid the decomposition process before the crystallization process. The cone angle was optimized to be 13°40′ for the 2C5NA growth ampoule. Generally, ampoules with cone angles between 10 and 20° are preferred to obtain good-quality crystals without twinning and strain due to ampoule walls.



Owing to the fast translation of the ampoule, the cleavage planes and multiplication of nucleation were formed. The 2C5NA compound was decomposed when the experiment was carried out at a low translation rate (below 0.5 mm/h). It may have occurred due to the formation of reactions with the outer atmosphere, melt inhomogeneity, and poor thermal stability beyond their melting point. Depending on the melting temperature of the title compound, the temperature profile of the furnace was optimized (Figure 3).



The lowering rate of the ampoule was maintained at approximately 0.7–0.8 mm/h. As discussed in previous chapters, when lowering the ampoule at an optimized lowering rate, the powder melts at its melting temperature, and nucleation is initiated at its crystallization temperature. Due to the large volume of sample loaded into the ampoule (Figure 4a), the bottom portion of the ampoule was completely melted, while the top portion of the ampoule was partially melted. The homogeneity and uniformity of the bulk crystal were affected by the uneven melting of the sample. Hence, several trials were attempted to achieve a homogeneous 2C5NA crystal. The grown crystal of 2C5NA is shown in Figure 4b.



The lattice parameters and space group of the aforementioned compound were examined at room temperature using a Bruker AXS Kappa APEX-II single-crystal X-ray diffractometer(Bruker, Billerica, MA, USA). Additionally, powder XRD tests were performed using a Bruker D2 PHASER apparatus. CuKα radiation (1.5406 Å) was used for measurements in the 10–70° range with a scanning rate of 0.02°/S. The chemical composition of the 2C5NA crystal was confirmed by 1H. Deuterated methanol was used as the solvent to obtain NMR spectra (BRUKER, Billerica, MA, USA) using a BRUKER ADVANCE-III 500 MHz spectrometer. The FTIR spectrum (BRUKER, Billerica, MA, USA) of 2C5NA was recorded using Bruker ALPHA in KBr pellet mode between 500 and 4000 cm−1. The thermal stability of 2A4MPPP (HITACHI, Tokyo, Japan) was tested between room temperature and 400 °C using a HITACHI-STA-7300.At varied heating rates, TG-DTA discovered thermal kinetic parameters. A silver-coated <010> orientated 2C5NA crystal with the dimensions of 8.09 × 5.63 × 1.87 mm3 was used as the dielectric in a parallel plate capacitor, and measurements of the dielectric were made using an HIOKI 3532-50 LCR HITESTER (KIOKI, Nagona, Japan). The capacitance values were recorded at different temperatures, such as 40, 50, 60, 70, and 80 °C, while the applied frequency ranged from 50 Hz to 5 MHz. The mechanical hardness was assessed using MATSUZAWA MMT-X equipment (MATSUZAWA, Toshima, Japan). Vicker’s hardness tester (MATSUZAWA, Toshima, Japan) was used to test the crystal’s hardness while it was at room temperature and with applied loads ranging from 1 to 100 g.




3. Results and Discussion


3.1. X-ray Diffraction Analysis of 2C5NA


Single-crystal X-ray diffraction is a powerful technique used to determine the atomic structure of crystalline materials. It is particularly useful for studying single crystals, which are solid materials, composed of a regular repeating pattern of atoms. It allows for the determination of the precise atomic arrangement of crystals, providing valuable information about the crystal’s chemical composition, bond lengths, different crystal phases, and polymorphs of a material. It can provide insight into crystal defects, disorder, and other structural imperfections. The centrosymmetric space group of P21/n in the monoclinic crystal structure of the prepared single crystal of 2C5NA was confirmed with single-crystal XRD. The lattice parameter values and volume were obtained as follows: a = 13.66 (18) Å, b = 3.78 (6) Å, c =13.67 (20) Å, β = 91.68 (6)˚, and volume V = 706 (3) Å3. The powder XRD pattern of the 2C5NA with the peak indexations is depicted in Figure 5. High-intensity peaks of the powder XRD pattern were indexed using powder-X software (XBROAD, Crystal Growth Centre, Anna University, Chennai). The unit cell parameter values of single-crystal XRD data are closely matched with the reported values [16].




3.2. Proton NMR Spectral Analysis of 2C5NA


Proton nuclear magnetic resonance (NMR) spectral analysis is a powerful analytical technique used to study the molecular structure and environment of hydrogen atoms (protons) in organic and inorganic compounds. It is a non-destructive method based on the principle of nuclear magnetic resonance, where atomic nuclei with an odd number of protons or neutrons behave like tiny magnets in an external magnetic field. To establish the molecular structure of 2C5NA, the proton NMR spectrum (Figure 6) was recorded with deuterated methanol as the solvent. The chemical shifts in the spectrum revealed the structure of the 2C5NA crystal. The singlet peak observed at 4.42 ppm is attributed to the presence of the NH2 group. Then, other multiplet signals (7.27, 7.39, 7.52, and 7.61 ppm) are ascribed to the CH bonds of different environments [17,18]. The C-13 NMR spectrum (Figure 7) was taken with deuterated methanol as a solvent to confirm the molecular structure of 2C5NA. The peaks appearing at 147.5, 143.68, 129.92, and 125.26 ppm are due to C-in aromatic rings and C=C (in alkenes). The peaks noticed near 113.28 and 109.72 ppm are indexed to nitriles (Rc=N).The multi-peaks observed around 77.37, 77.04 and 76.73 ppm are endorsed by alkyne C=C-H. The molecular structure of the 2C5NA crystal was validated and it shows a slight change in the chemical environment, which modifies the chemical shift.




3.3. FTIR Spectral Analysis of 2C5NA


FTIR spectral analysis is a widely used analytical technique for identifying and characterizing the chemical composition of a wide range of materials. It is based on the principle that molecules absorb infrared radiation at specific frequencies, which are related to the vibrational motions of the atoms in the molecule. Infrared spectra have become a potential tool to obtain information about functional groups in organic molecules when they are irradiated with a particular frequency. It can reveal important structural features of complex organic molecules [19]. FTIR spectroscopy, in particular, is a non-destructive, cost-effective tool for determining the functional group of any organic compound. The FTIR spectrum of 2C5NA is illustrated in Figure 8. The strong peak that appears at 736 cm−1 is assigned to the C-Cl stretching vibration. Aromatic C-H out-plane vibrations are observed in the region of 1000–700 cm−1. The C-N stretching vibration peak exists at 1042 cm−1. The peaks at 1507 and 1347 cm−1 are bending vibrations of the NO2 group. The N–H stretching peak (primary amine) is observed at 1625, 3319, and 3431 cm−1 and the position of the functional group depends on the degree of hydrogen bonds. The peaks at 1625, 3319, and 3431 cm−1 are ascribed to the presence of N-H (primary amine) bending vibrations. The C-H stretching vibrations of the benzene ring are observed at 3099 cm−1 [20].




3.4. Thermal Analysis of 2C5NA


Thermal analysis of crystals is a set of techniques used to study the physical and chemical properties of crystalline materials as they are subjected to changes in temperature. These methods are valuable for understanding phase transitions, thermal stability, thermal decomposition, and other thermal behaviors of crystals. Two common thermal analysis techniques are differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). The thermal behavior of 2C5NA was analyzed using a TG-DTA thermal analyzer. The thermogram of TG-DTA is depicted in Figure 9.



The compound showed good thermal stability up to 110 °C, beyond which it started to melt. In the DTA curve, two sharp endothermic peaks were observed at 122 and 245 °C, which correspond to the melting and decomposition temperatures of the title material, respectively. The TG curve exposed the weight loss of the sample around 150 °C and it continued until complete decomposition of the sample, which occurred at 245 °C. The complete weight loss of the TG curve also coincided with the second endothermic peak of the DTA curve. The thermal kinetic parameters for the melting temperature of 2C5NA were calculated using the Kissinger and Ozawa methods.


  ln  [   β   T m 2     ]  =   −  E    a      R  T m    + ln  [     K 0  R    E a     ]   



(1)






  ln ( β ) =   −  E    a      R  T m    + ln  [     K 0  R    E a     ]   



(2)







From the Kissinger plot (Figure 10a), activation energy (Ea) and frequency factor were estimated. The reaction rate and Avrami exponent were also calculated from the equations. The evaluated kinetic parameter values are given in Table 1. The value of activation energy, which is required to break the bonds between the molecules, was found to be 69.1518 kJ/mol from the slope of the Ozawa plot (Figure 10b). The following equation, Equation (3), in which Ms is the starting mass, Mf is the final mass, and M(t,T) is the instantaneous mass, which depends on temperature and time, describes the relationship between this parameter and the degree of conversion (Figure 11) of the compound with the same name.


  α =    M S  − M ( t , T )    M s  −  M T     



(3)







The kinetic models are useful to examine such constants available in an empirical relation of the Arrhenius equation. Hence, the real process of such materials can be identified under different thermal conditions as closely as possible. The calculation of kinetic parameters from the Kissinger and Ozawa methods is mainly dependent on the heating rate and peak temperature (i.e., melting point), so the methods present more reliable results on kinetic parameters.



Using the relation (Equation (3)), the degree of conversion (α) was estimated for various heating rates of the TG curves. The calculated α values can be applied to the Coats–Redfern and Friedman methods to estimate the values of Ea, the rate constant (K), frequency factor (K0), and Avrami exponent (n) [21,22]. An estimated αmax value is presented in Table 1.




3.5. Dielectric Analysis of 2C5NA


Dielectric analysis (DEA) of crystals is a technique used to study the electrical properties of crystalline materials as they respond to changes in temperature, frequency, or other environmental conditions. The analysis focuses on the dielectric constant, or permittivity, which is a measure of how a material responds to an applied electric field. DEA is particularly useful in investigating the polarization and dipole moments within crystals, as well as phase transitions and other dynamic processes. The dielectric analysis of an organic material can explore its applications in various fields. The dielectric behavior of any material depends on parameters like temperature, frequency of the electric field, chemical structure of the sample, grain boundaries, charge storage density, and charge transport capacity. The dielectric measurements were conducted for a title crystal with a size of 8.32 × 7.21 × 1.52 mm3 at various temperatures, such as 40, 60, 80, and 100 °C.



The plot (Figure 12a,b) represents the dielectric constant and dielectric loss as a function of log frequency at different temperatures of the 2C5NA crystal. The dielectric constant decreases when increasing the frequency up to 1 MHz. At low frequencies, a potential barrier is generated by the space charge polarization, which leads to a high value of the dielectric constant. This type of behavior is due to the space charge polarization effect. From the dielectric loss curve, the low value of dielectric loss observed at higher frequencies indicates the quality of the sample [23]. At low frequencies, the dielectric loss is moderately high, which is due to the high electrical resistivity of grains and their boundaries. Low dielectric loss is essential for the enhancement of nonlinear behavior [24]. Beyond 1 MHz, both dielectric constant and loss curves attained saturation. This variation can be due to the ionization process in the sample [25].



Figure 13a illustrates the frequency-dependent ac conductivity analysis at various temperatures. In the ac conductivity curve, there is no variation observed due to changing the temperature, other than at 40 °C, which reveals that the conduction process is not dependent on temperature in 2C5NA. The ac conductivity of the 2C5NA crystal was analyzed using the conductivity Equation (4). When the angular frequency is ω, the absolute permittivity in free space is ε0, and the phase degree is δ.


   σ  a c   =  ε 0   ε r  ω tan δ  



(4)







The value of ac conductivity was found to increase with frequency after 1 MHz. The dielectric polarization was created due to the formation of dipoles by activated localized charge carriers; hence, the dielectric relaxation process was found to increase beyond that frequency. The dielectric relaxation usually represents the formation of a reorientational process in solid materials. In the ac conductivity curve, it describes the interaction of the alternate current field with the motion of dipoles. The hopping conductivity mechanism can occur via tunneling or may be thermally activated. At high frequencies, slight variations in conductivity and the value of the activation energy indicate the blocking behavior of the grain boundaries present inside the crystal.



The activation energy for the charge jumping process was evaluated from the Arrhenius plot (Figure 13b). The value of the activation energy (Ea) was evaluated to be 0.204 eV for the title compound.




3.6. Vicker’s Microhardness Test of 2C5NA


The Vickers microhardness test is a widely used method for measuring the hardness of materials, especially small or thin samples, with a high degree of precision. It is named after its inventor, George Vickers. The Vickers hardness test is based on the principle of indentation hardness, where a known force is applied to an indenter to create an impression on the material’s surface. The size of the indentation is measured, and the hardness value is calculated from the indentation’s dimensions. The Vickers microhardness analysis was performed on the grown sample. To reduce error, and maintain stability and reliability, the Vicker’s hardness test was performed with standard materials and verified with their reports. The surface of the sample was cleaned and polished with wet, high-quality velvet cloths. The dwell time was kept at 10 s for all loading. The indentation was started with the minimum applied load and we observed that the crystal was broken when applying the load of 25 g. Hence, the study was performed with loads less than 25 g. Hence, the test specimen or crystal can break due to many parameters such as weak intrinsic bonds, a higher number of grain boundaries (i.e., polycrystalline nature) on its surface, and poor load-withstanding capabilities. The value of the Vickers hardness number can be estimated by using the relation Hv = 1.8544 P/d2 kg mm−2. The graph shows the variations between the applied load and the Vickers hardness number of the sample. The Mohs hardness number of the specimen was also evaluated using the equation HM = 0.675(HV)1/3. The Vickers hardness number increases with the increasing applied load, which reveals the behavior of the reverse indentation size effect [26]. The graph represents the variation in the Vickers hardness number (Figure 14a) and Mohs hardness number (Figure 14b) with the function of load. The stiffness constant of the sample was estimated with the Wooster empirical relation     C   11   =     H   v     7 / 4     and is displayed in Figure 14c.





4. Conclusions


A huge organic 2C5NA crystal was successfully produced in a single-wall ampoule utilizing the vertical Bridgman technique. The dimensions of the ampoule and cone angle were discussed in detail. A good-quality 2C5NA crystal was harvested from the ampoule with a cone angle of 13°40′. The growth parameters were optimized, and the lowering rate of the ampoule with the 2C5NA compound was kept at 0.7–0.8 mm/hr. Hence, the homogenous melt was obtained and nucleation originated from the bottom of the cone. The crystal structure of the 2C5NA crystal was confirmed using single-crystal XRD and powder XRD. The crystal belongs to a monoclinic crystal system with the space group P21/n. The lattice parameter values were obtained from single-crystal XRD and were well-matched with previously reported values. In addition to that, the proton NMR confirmed the structure of the grown crystal. Various types of vibrations, such as symmetric, asymmetric, stretching, in-plane, and out-plane, indicated the existence of functional groups in the 2C5NA crystal using FTIR. The thermal behavior of organic 2C5NA was analyzed with the TG-DTA curve, which revealed the melting and decomposition temperatures at 122 °C and 245 °C, respectively. The activation energy of 2C5NA was calculated to be 67.1244 and 69.1518 kJ/mol using the Kissinger and Ozawa equations, respectively. Other thermal kinetic parameters, such as rate constant (K), frequency factor (K0), Avrami exponent (n), and degree of conversion (αmax) values, were correlated with the TG-DTA curve. The dielectric response of the grown crystal was examined with respect to frequency at different temperatures. The activation energy was evaluated from the Arrhenius plot as 0.204 eV. The mechanisms of dielectric loss, ac conductivity, and relaxation processes were studied with corresponding curves. The mechanical behavior of grown crystals was thoroughly examined using Vickers microhardness studies, in which the grown 2C5NA crystal fits under the soft material category. From these findings, it would be a promising material for making non-linear optical and microelectronic devices.
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Figure 1. The chemical structure of 2C5NA. 
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Figure 2. Schematic diagram of the ampoule and its cone angle. 
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Figure 3. Temperature profile of furnace used to grow the 2C5NA crystal. 
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Figure 4. (a) Loaded ampoule. (b) Grown crystal of 2C5NA. 
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Figure 5. Powder XRD pattern of 2C5NA. 






Figure 5. Powder XRD pattern of 2C5NA.



[image: Crystals 13 01349 g005]







[image: Crystals 13 01349 g006] 





Figure 6. Proton 1H NMR spectrum of 2C5NA. 
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Figure 7. Proton 13-C NMR spectrum of 2C5NA. 
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Figure 8. FTIR spectrum of 2C5NA. 
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Figure 9. TG-DTA curve of 2C5NA. 
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Figure 10. (a) Kissinger plot, (b) Ozawa plot of 2C5NA. 
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Figure 11. Degree of conversion plot of 2C5NA. 
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Figure 12. (a) Dielectric constant, (b) dielectric loss curve of 2C5NA. 
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Figure 13. (a) ac conductivity curve, (b) Arrhenius plot of 2C5NA. 
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Figure 14. (a) Vicker’s hardness number, (b) Mohs hardness number, (c) stiffness constant of 2C5NA. 
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Table 1. Thermal kinetic parameters of 2C5NA.
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(β)

	
Tm

	
Ea

	
K0

	
K

	
R2

	
n

	
αmax




	
°C/min

	
°C

	
kJ/mol

	
S−1

	
S−1

	
min−1






	
5

	
120.5

	
67.1244

	
4.4158 × 104

	
4.4132

	
0.8276

	
1.3593

	
0.03613




	
10

	
121.3

	
4.4138

	
0.9985

	
0.02552




	
15

	
121.5

	
4.4140

	
0.6901

	
0.02152




	
20

	
122.3

	
4.4149

	
0.7060

	
0.02121




	
25

	
123.3

	
4.4155

	
0.6213

	
0.01806
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