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Abstract

[bookmark: _GoBack]Three new nitrogen-rich energetic compounds, N(2,4-dinitro-5-chlorophenyl)hydrazine (I), N(2,4-dinitro-5-chlorophenyl)guanidine (II) and N(2,4-dinitro-5-chlorophenyl)-4-aminopyrazole (III) prepared by the nucleophilic substitution reaction of 1,3-dichloro-4,6-dinitrobenzene with hydrazine, guanidinium carbonate and 4-aminopyrazole. The compounds were characterized by 1HNMR, 13CNMR, IR and mass spectroscopy. Only complex (II) could be prepared in a suitable crystal and molecular model was determined by X-ray analysis. Complexes were investigated by TG and DSC. Thermal degradation and thermokinetic behavior were investigated by Ozawa-Flynn-Wall and Kissinger-Akahira-Sunose techniques. Complexes were observed to exothermically thermal decomposed. HOMO and LUMO levels, theoretical formation enthalpy and electrostatic maps were calculated by Gaussian09. The detonation velocity and pressure were calculated by Kamlet-Jacobs equation. The complexes were assayed for antimicrobial properties.
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1. Introduction

	As known, in today's energetic research, the aim is to produce nitrogen-rich energetic materials.1-3 In explosion reactions, nitrogen atoms are assumed to turn into N2 gas. The N2 molecule is very stable, and therefore, the higher the number of nitrogen atoms in the energetic molecule, the higher the enthalpy of the explosion reaction.3 In this study, according to this suggestion, three new nitrogen-rich energetic materials were prepared using nucleophilic substitution reactions and examined by thermal analysis methods and starting from this fact 1,3-dichloro-4,6-dinitrobenzene is reacted with three nitrogen-rich nucleophiles namely hydrazine, guanidine and 4-aminopyrazole in non-aqueous solvents and are prepared three new nitrogen-rich energetic materials, N(2,4-dinitro-5-chlorophenyl)hydrazine, N(2,4-dinitro-5-chlorophenyl)guanidine and N(2,4-dinitro-5-chlorophenyl)-4-aminopyrazole (Figure 1).
	In the aromatic ring, usually, nucleic substitution reactions do not occur, on the contrary, electrophilic substitution reactions occur. But nitro groups can change the behavior of the aromatic ring and nitro group is a strong electron-withdrawing group and it strongly affects the electron distribution of the molecule to which it is attached.4-6 Although the many aromatic substances predominantly give electrophilic substitution reactions, when more than one nitro group is bonded to the aromatic ring, the electron distribution of the ring is unbalanced and in this case, this ring can give nucleophilic substitution reactions.7-9 A large number of energetic substances prepared by this method are reported in the literature.10-14

[image: ]

Figure 1. The structural formulas of the nitrogen-rich energetic materials.

	Our choice of hydrazine and guanidine is since they contain rich nitrogen and the choice of 4-aminopyrazole is because of its heterocyclic structure. If hydrazine and guanidine are employed in nucleophilic substitution reactions, it is highly probable that two amino groups may be substituted which may result in symmetric molecules and the final product is a mixture. To obviate such a situation guanidinium carbonate and hydrazine were added over their stoichiometric quantities. Since the second nucleophilic substitution is much more cumbersome after the first one we only carried out one substitution. Before anything else, these energetic compounds were characterized by the use of C, H, N element analysis, IR spectroscopy and then their structures were elucidated by 1HNMR and 13CNMR spectra after determining the molecular signals from direct inlet (DI) unit of mass spectroscopy. Among these energetic materials, only N(2,4-dinitro-5-chlorophenyl)guanidine was obtained as suitable crystals for the determination of its molecular structure and unit cell parameters by the use of X-ray diffraction methods. Then, the thermal decomposition of the compounds was examined by TG at different heating rates. The TG data obtained were used in the determination of activation energy (Ea) and pre-exponential factor A of the thermal decomposition reactions utilizing the nonisothermal-isoconvertional Ozawa-Flynn-Wall (OFW)15-23 and Kissinger-Akahira-Sunose (KAS)19-26 and isothermal Coats-Redfern (CR)27-29 methods. 
	Also, theoretical calculations were made using the basic set programs included in the Gaussian program in molecules.30 Firstly, the theoretical formation enthalpies of the energetic materials were calculated by the use of the CBS-4M algorithm present in Gaussian09 software. Then the electron distribution and dipole moments of the energetic molecules were determined using DFT method and the differences between HOMO and LUMO of the energetic material were computed and evaluated. Finally, the detonation pressure and detonation velocity of the energetic materials prepared were calculated theoretically according to the literature.3	
	The energetic materials were also subjected to antimicrobial activity tests due to the lack of these types of tests in the literature using seven different bacteria, namely Escherichia coli, Pseudomonas aeruginosa, Salmonella enteritidis, Enterococcus faecalis, Bacillus subtilis, Staphilococcus aureus, and Bacillus licheniformis. Anti-microbial activity results were evaluated according to the groups attached to the energetic compounds investigated. There are two important reasons for antimicrobial activity studies. The first one is to have a better insight into the effect of the groups attached to them. The energetic compound is strained molecules due to nitro groups and these strained molecules can have highly anti-bacterial activity. Secondly, the energetic materials that contain nitrogen are of good nutritional value for the microscopic organisms and promote their growth. Therefore the microscopic investigation of these compounds is of great importance as regards the protection of the environment and human health. 

2. Experimental

	In the syntheses, 1,3-dichloro-4,6-dinitrobenzene, guanidinium carbonate, hydrazine hydrate and 4-aminopyrazole were used without further purification. IR spectra were taken with a Shimadzu IRAffinity-1 FTIR spectrometer equipped with a three-reflection ATR unit, all IR spectra were recorded at a resolution of 4 cm-1. Thermal analyses were conducted with a Shimadzu DTG 60H and Shimadzu DSC 60 under N2 atmosphere with a heating rate of 10 °C.min-1 in Pt pans. The temperature and heat calibrations of TG were carried out using In and Zn samples and DSC was calibrated using In. The NMR spectra of the ligands were recorded on a Varian Mercury 400 MHz NMR spectrometer in d6-DMSO. C, H, N elemental analyses were carried out using Eurovector 3018 CHNS analyzer. Mass spectra of the ligands were recorded on a Shimadzu QP2010 Plus GCMS apparatus equipped with a direct inlet unit.

2. 1. X-ray Analysis

	A single crystal of complex II was analyzed with an Oxford Diffraction Xcalibur (TM) Single Crystal X-ray Diffractometer with a sapphire CCD detector using MoKα radiation (λ=0.71073 Å) operating in the ω/2θ scan mode. The unit-cell dimensions were determined and refined by using the angular settings of 25 automatically centered reflections in 2.9827.788 range. The empirical absorption corrections were applied by the semi-empirical method via the CrysAlis CCD software.31 Models were obtained from the results of the cell refinement and the data reductions were carried out using the solution software SHELXL97.32 The structures of the complexes were resolved by direct methods using the SHELXS97 software implemented in the WinGX package.33

2. 2. Kinetic Analysis

	Kinetic analyses for the decomposition reactions of compounds I, II and III were carried out by applying KAS, FOW and Coats-Redfern methods to thermograms at heating rates of 1.0, 5.0, 10.0, 15.0, 20.0 and 25.0 °C.min-1 for complex II and III; 0.5, 0.6, 0.75 and 1.0 °C.min-1 for complex I. Since 1.0 °C.min-1 heating rate leads to lnβ = 0, the other heating rates were employed for FOW and KAS calculations; nonetheless, 1.0 °C.min-1 was used in CR calculations. FOW calculation was not applicable to complex I because there was not sufficient data for three heating rates used. The fact that the complex decomposes very rapidly at higher heating rates does not make any calculations possible.
	The activation energies and pre-exponential factors were calculated with the help of graphical methods using the temperatures corresponding to g(α) values of 0.2, 0.4, 0.5, 0.6 and 0.8 at different heating rates according to both KAS and FOW methods. On the other hand, CR calculations were separately carried out at a chosen heating rate for different g(α) values.
	The calculations were carried out by the use of KAS (1), FOW (2) and CR (3) equations given below:

 									(1)

								(2)

  								(3)

	Because of the term  is ≤ 0.1 in most cases the equation 3 is rearranged as:

  									(4)

	In the equations; β is the heating rate in °C.min-1, R is the universal gas constant, Ea is the activation energy for thermal decomposition, A is the Arrhenius pre-exponential factor, T is the temperature in K and g(α) is the fraction of completion of the decomposition reaction. Note that these methods assume that the reaction order is 1. Therefore one can sketch the plots of lnβ, ln , and ln against  . Ea and A values can simply be calculated using the slope and the intercept of these plots. Besides, employing Ea and A values, other thermodynamic parameters such as entropy (S), enthalpy (H) and Gibbs free energy (G) changes for the thermal decompositions were calculated. The entropy change in a thermal reaction can be approximated by using the pre-exponential factor.28

									(5)
	The change in enthalpy is calculated from the activation energy according to the first law of thermodynamics:

										(6)

	Using these values the Gibbs free energy can be calculated from:

										(7)

2. 3. Theoretical Calculation

	The enthalpies (H) and free energies (G) were calculated using the CBS-4M method embedded in the Gaussian G09 W (revision D.01) software package.30 The CBS-4M begins with a HF/3-21G(d) to structure optimization and zero-point energy calculations. Then using MP2/6-31+G and MP4(SDQ)/6-31+G(d,p) basis sets to calculate the corrected energy and to estimate the correlation contributions of a higher-order respectively. The stabilization of the optimized structures was controlled by the number of imaginary (NImag = 0) at the same theory level. 
	The formation enthalpies were calculated according to the atomization energy method, with respect to the equation given below34-36 (Table 1).

Table 1. CBS-4M results.
	Compound
	p.g.a
	NImagb
	-H298/a.u.c
	ΔfH°/kJ mol-1

	1,3-dichloro-4,6-dinitrobenzene
	C1
	0
	1558.715040
	-3.30

	I
	C1
	0
	1210.104523
	119.57

	II
	C1
	0
	1303.467180
	74.90

	III
	C1
	0
	1379.535864
	205.04

	C
	
	
	37.786156
	716.682d

	H
	
	
	0.500991
	217.100d

	N
	
	
	54.522462
	472.679d

	O
	
	
	74.991202
	249.178d


aPoint group, bNumber of imaginary frequencies, cCBS-4M calculated enthalpy, dRef. 35
						(8)

	In this equation, ΔfH°(g,M) stands for the gas-phase enthalpy of formation of the molecule M, under investigation, H(M) represents the CBS-4M calculated enthalpy of the molecule M (H298 in Table 1), Σatoms H° denotes the CBS-4 M calculated enthalpies for the individual atoms (1 a.u. = 2625.50 kJ mol-1), and Σatoms ΔfH° values were quoted from NIST database.37
	Also, the detonation heat, detonation velocity and detonation pressure of the compounds were calculated using the Kamlet-Jacobs equation, using the theoretical density and oxygen balance values according to the equation given below3:

, as kbar								(9)

, as mm.μs-1 or m.s-1				(10)

	Here, Q is the heat of explosion in kcal.g-1, N is the number of moles gas per gram explosive and M is the mass of gas in gram per mole of gas.

2. 4. Determination of Biological Activity

	Antibacterial activity was tested against G(-) (E.coli, P. Aeruginosa, S. Enteritidis) and G(+) (E. Faecalis, B. Subtilis, S. Aureus, B. Licheniformis) bacterial species.24,38-40 Bacterial species were grown in Hinton Müeller Agar (HMA) and suspensions (106 cfu/mL) were prepared from 24 h cultures. N(2,4-dinitro-5-chlorophenyl)hydrazine (I), N(2,4-dinitro-5-chlorophenyl)guanidine (II) and N(2,4-dinitro-5-chlorophenyl)-4-aminopyrazole (III) suspensions were prepared in DMSO. Agar dilution tests were performed for Minimum Inhibitory Concentration (MIC) determination. 10 µL bacterial suspensions were placed into plates and results were recorded after 24 h cultivation. 

2. 5. Preparation of Energetic Materials

	Three energetic compounds were prepared from amino compounds, hydrazine, guanidinium carbonate and 4-aminopyrazole with 1,3-dichloro-4,6-dinitrobenzene as a result of nucleophilic substitution reactions in MeOH or EtOH under reflux for 3 h. 4-aminopyrazole was used in an equivalent amount of 1,3-dichloro-4,6-dinitrobenzene in the medium, while more than the equivalent amount of guanidinium carbonate and hydrazine was added to the medium.

N(2,4-dinitro-5-chlorophenyl)hydrazine (I) C6H5N4O4Cl, Yield 77-80%, Found, %: C 31.34; H 2.29; N 24.02. Calculated, %: C 30.98; H 2.17; N 24.08. 1H NMR in d6-DMSO, δ, ppm: 9.301, 8.878, 7.185, 4.748, 3.323. 13C NMR in d6-DMSO, δ, ppm: 149.44, 128.39, 122.35. IR, ν, cm-1: 3462.22, 3361.93, 3265.49 (NH), 3101.54 (CH), 1636.64 (C=N), 1595.13 (C=C), 1280.73 (N=O), 837.11, 738.14 (CH). m/z: 232 [M]+, 214, 149, 113, 85, 76, 57, 43.

N(2,4-dinitro-5-chlorophenyl)guanidine (II) C7H6N5O4Cl, Yield 85-90%, Found, %: C 31.81; H 2.53; N 25.03. Calculated, %: C 32.29; H 2.33; N 26.96. 1H NMR in d6-DMSO, δ, ppm: 8.478, 7.724, 6.813, 8.555, 7.070. 13C NMR in d6-DMSO, δ, ppm: 158.95, 153.34, 151.01, 138.22, 132.69, 124.87. IR, ν, cm-1: 3462.22, 3421.72, 3381.90 (NH), 3101.54 (CH), 1636.64 (C=N), 1595.13,1550.77 (C=C), 1280.73 (N=O), 827.44, 738.79 (CH). m/z: 259 [M]+, 229, 187, 132, 97, 57, 43.

N(2,4-dinitro-5-chlorophenyl)-4-aminopyrazole (III) C9H6N5O4Cl, Yield 67-70%, Found, %: C 36.59; H 2.45; N 24.23. Calculated, %: C 37.33; H 2.13; N 24.68. 1H NMR in d6-DMSO, δ, ppm: 10.195, 8.857, 7.790, 8.432, 6.329. 13C NMR in d6-DMSO, δ, ppm: 146.93, 142.53, 134.89, 133.40, 129.99, 126.07, 119.31, 98.26. IR, ν, cm-1: 3310.42, 3298.26 (NH), 3147.83 (CH), 1610.56 (C=N), 1591.27 1552.70 (C=C), 1317.38 (N=O), 827.46, 738.74 (CH). m/z: 283 [M]+, 237, 191, 156, 129.

3. Results

3. 1. Thermal Analysis

	The TG plots of three new energetic materials at a heating rate of 15 °C.min-1 are shown in Figure 2a. The plots reveal the fact that N(2,4-dinitro-5-chlorophenyl)hydrazine (I) acts as a typical explosive. The compound shows a rapid mass loss at 235 °C which culminates at 268 °C in a complete degradation with a mass loss of 97%. On the other hand, the compounds N(2,4-dinitro-5-chlorophenyl)guanidine (II) and N(2,4-dinitro-5-chlorophenyl)-4-aminopyrazole (III) display two decomposition process in their respective TG plots. Figure 2b shows the differential thermal analysis (DTA) curves of the energetic compounds investigated in this study. It is obvious that the decomposition is exothermic. The first mass losses of the thermal reactions of the compounds at a heating rate of 15 °C.min-1 were 48% and 41% and these were followed by the second mass losses of 21% and 18%.

[image: ]
Figure 2. a. Thermogravimetric curves at 15 °C.min-1 heating rate, b. DTA curves [black: N(2,4-dinitro-5-chlorophenyl)hydrazine (I), blue: N(2,4-dinitro-5-chlorophenyl)guanidine (II), red: N(2,4-dinitro-5-chlorophenyl)-4-aminopyrazole (III)].

	I gives a strong exothermic signal around 260 °C without a melting process. On the other hand, II starts to meltdown at 215 °C and gives three weak exothermic signals at 241, 330 and 379 °C after 226 °C. Finally, III melts down at 189-190 °C and gives two weak exothermic signals at 351 °C and 407 °C. 
	As seen from Figure 2a, I gives a single step decomposition above a heating rate of 10 °C.min-1, this is exactly the behavior expected from a typical explosive compound.41 However, it gives a two-step decomposition below this critical value. Figures 3a and 3b show TG and DTA curves at scan rates of 0.6, 0.75, 1.0 and 5.0 °C.min-1. Figure 3a shows the mass loss takes place slowly at the first and in an explosive manner in the second step. As the heating rate is increased, the second step appears more distinctively. The DTA curves given in Figures 2b and 3b are not in the expected format. The curves display first an increase then a decrease in temperature. The reason for that is thermal decomposition takes place with an explosion. In a rapid explosion reaction, the gas products leave the pan rapidly taking away the heat they absorbed with them. This decreases the temperature of the pan resulting in the abnormal curves given in Figures 2b and 3b.

[image: ]
Figure 3. a. Thermogravimetric curves, b. DTA curves of N(2,4-dinitro-5-chlorophenyl)hydrazine (I) recorded at different low heating rates [black: 0.6 °C.min-1, red: 0.75 °C.min-1, blue: 1 °C.min-1, darkcyan: 5°C.min-1, purple: 15 °C.min-1].

[image: ]
Figure 4. TG curves at different heating rate a. N(2,4-dinitro-5-chlorophenyl)guanidine (II), b. N(2,4-dinitro-5-chlorophenyl)-4-aminopyrazole (III) [black: 5 °C.min-1, red: 15 °C.min-1].

	A similar case exists for the energetic materials of II and III as the heating rate has decreased the shape and mass loss of TG curves change. Figure 4a shows the TG curves of energetic material of II recorded at two different heating rates. Figure 4b illustrates the similar curves for III. The shapes of the curves change at lower heating rates. The thermoanalytical data belonging to TG-DTA curves of the energetic compounds prepared in this study are listed in Table 2.

Table 2. Thermoanalytical data of energetic materials prepared.
	Energetic Compound
	M.P.
°C
	Heating rate
°C min-1
	First Thermal Reaction
	Second Thermal Reaction

	
	
	
	Temperature range/ °C
	Mass loss/ %
	Temperature range/ °C
	Mass loss/ %

	N(2,4-dinitro-5-chlorophenyl) hydrazine 
(I)
	NO
	5
	211 – 240
DTA peak: 216
	94.73±0.87
	-
	-


	
	
	15
	236 – 268
DTA peak: 261
	96.76±0.48
	-
	-


	N(2,4-dinitro-5-chlorophenyl) guanidine
(II)
	NO
	5
	144 – 173
DTA peak: 162
	16.89±0.46
	201 – 384
DTA peak: 353
	49.20±3.45

	
	
	15
	228 – 347
DTA peak: 241
	48.2±2.64
	347 – 426
DTA peak: 379
	17.23±2.92

	N(2,4-dinitro-5-chlorophenyl)-4-aminopyrazole
(III)
	188
	5
	221 – 307
DTA peak: 293
	25.76±1.08
	311 – 407
DTA peak: 351
	26.15±1.23

	
	
	15
	235 – 338
DTA peak: 322
	41.13±3.19
	338 – 420
DTA peak:
379
	15.23±2.07


NO: Not observed

3. 2. X-ray Studies

	Only II amongst the energetic materials prepared in this study was obtained in suitable crystal size therefore only the structure of this compound was determined. Single crystal data collection conditions and crystal data were listed in Table 3, important bond lengths and angles are shown in Table 4, the probable intra- and inter-molecular hydrogen bonds are listed in Table 5, and the molecular structure is drawn with Ortep program and molecular packing model is visualized in Figures 5a and 5b.42

[image: ]
Figure 5. a. The Ortep drawing, b. The packing in a unit cell of N(2,4-dinitro-5-chlorophenyl)guanidine (II).

Table 3. N(2,4-dinitro-5-chlorophenyl)guanidine crystal data and data collection conditions.
	Molar Mass/g mol-1
	259.62
	F (000)
	528

	T/ K
	293(2)
	Radiation Wavelength/ Å
	0.71073

	Crystal Colour
	yellow
	ϴ range/ 
	2.98 – 27.788

	Crystal System
	orthorombic
	Index Ranges
	-5<=h<=9, 
-2<=k<=9,
-23<=l<=22

	Space Group
	Pna2
	Reflections Collected
	3687

	a /Å
	7.3082(4) Å
	Reflections Unique
	2067

	b /Å
	7.5105(4) Å
	R1, wR2 (2ó)
	R1 = 0.0473, 
wR2 = 0.0882

	c /Å
	17.8511(9) Å
	R1, wR2 (all)
	R1 = 0.0711, 
wR2 = 0.0991

	Alpha 
	90
	Data/ Parameters
	2062/ 154

	Beta 
	90
	GOOF of F2 
	1.114

	Gamma 
	90
	Largest Difference Peak Hole/e Å-3
	0.367 and -0.269

	V/ Å3
	979.82(9)
	Molecular Formula
	C7 H6 Cl N5 O4

	Z
	4
	Crystal Size/ mm
	0.44 × 0.22 × 0.06

	Calc. Density/ g cm-3
	1.760
	CCDC No
	

	µ/ mm-1
	0,404
	
	



Table 4. Selected bond lengths and angles of N(2,4-dinitro-5-chlorophenyl)guanidine molecule.
	Bond Lengths
	Bond Angles

	Cl1 C1 
	1.718(5)
	O2 N1 O1
	123.7(4) 

	O1 N1 
	1.219(6) 
	O2 N1 C6
	117.3(5) 

	O2 N1 
	1.214(6) 
	O1 N1 C6 
	119.0(5) 

	O3 N2 
	1.233(5) 
	O4 N2 O3
	122.5(4) 

	O4 N2 
	1.215(5) 
	O4 N2 C4
	120.1(4) 

	N1 C6 
	1.457(6) 
	O3 N2 C4 
	117.4(4) 

	N2 C4 
	1.451(7) 
	C7 N3 C3 
	122.6(4) 

	N3 C7 
	1.337(6) 
	C7 N4 H7 
	118.3 

	N3 C3 
	1.351(6) 
	C7 N4 H10 
	117.0 

	N4 C7 
	1.329(6) 
	H7 N4 H10 
	124.1 

	N4 H7 
	0.9175 
	C7 N5 H11 
	113.2 

	N4 H10 
	0.8091 
	C7 N5 H12 
	123.3 

	N5 H11 
	0.8249
	H11 N5 H12 
	119.9 

	N5 H12 
	0.7817
	C2 C1 Cl1 
	116.4(4) 

	N5 C7 
	1.317(6)
	C6 C1 Cl1 
	124.6(4) 

	N5 H11 
	0.8249 
	C2 C3 C4 
	114.3(4) 

	N5 H12 
	0.7817 
	C5 C4 C3 
	122.3(5) 

	C1 C2 
	1.364(7)
	C5 C4 N2 
	116.8(5) 

	C1 C6 
	1.417(7)
	C3 C4 N2 
	120.9(4) 

	C2 C3 
	1.419(7)
	C5 C6 N1 
	117.7(5) 

	C2 H2 
	0.9300 
	C1 C6 N1 
	123.3(4) 

	C3 C4 
	1.424(7) 
	N5 C7 N4 
	119.9(4) 

	C4 C5 
	1.361(7) 
	N5 C7 N3 
	122.8(4) 

	C5 C6 
	1.367(7) 
	N4 C7 N3 
	117.1(5) 

	C5 H5 
	0.9300  
	
	




Table 5. The list of probable inter and intra hydrogen bonds.
	
	
	
	
	

	
	0.92
	2.58
	2.934 (6)
	109

	
	0.92
	2.49
	3.371 (6)
	161

	
	0.81
	2.27
	3.063 (6)
	167

	
	0.82
	2.10
	2.911 (6)
	169

	
	0.78
	2.54
	3.229 (6)
	148



3. 3. Thermokinetic Analysis

	The graphically calculated activation energy and Arrhenius pre-exponential factor values by the use of OFW and KAS methods are tabulated in Table 6 and ΔH⁰, ΔS⁰ and ΔG⁰ calculated using these data in Table 7. The thermokinetic analysis of I could only be possible at low heating rates. Since this compound gives a rapid explosion at higher heating rates, there is a temperature decrease short while after that and this makes the slopes of the curves positive which does not give any result. To overcome this problem, the kinetic studies were limited with the heating rates of 0.4, 0.5, 0.6, 0.75 and 1.0 °C.min-1. However, this causes the emergence of a new problem for the OFW. The logarithms of the integers smaller than 1.0 come out to be negative. Under such a situation, the OFW method is of no use. Therefore, only KAS method employed for the thermokinetic investigation of this compound. There is no such problem for the other energetic materials of II and III. Ea and A values for the two-step thermal decomposition of these compounds were separately determined.

Table 6. The thermokinetic analysis results of energetic materials.
	Energetic Material
	
	Methods

	
	
	OFW
	KAS
	
	CR

	
	g(α)
	Ea/ kj mol-1
	A/ min-1
	Ea/ kj mol-1
	A/ min-1
	θ/ °C min-1
	Ea/ kj mol-1
	A/ min-1

	I

C6H5N4O4Cl


	0.2
	
	
	160.50±1.26
	5.53±0.90 × 109
	0.50
	142.29±1.86
	2.09±0.06 × 1010

	
	0.4
	
	
	179.33±8.74
	5.99±0.59 × 1011
	0.75
	231.97±3.79
	1.44±0.08 × 1020

	
	0.5
	
	
	183.14±21.63
	1.55±0.37 × 1012
	1.00
	200.69±1.86
	5.11±0.09 × 1016

	
	0.6
	
	
	204.27±41.17
	2.06±0.84 × 1014
	
	
	

	
	0.8
	
	
	162.44±43.88
	1.04±0.56 × 1010
	
	
	

	
	
	
	
	177.94±17.79
	
	
	191.65±45.52
	

	II

C7H6N5O4Cl


	0.2
	76.01±0.37
	5.11±0.05 × 109
	76.98±0.14
	46.35±0.02
	5.0
	79.51±0.95
	7.63±0.17 × 103

	
	0.4
	72.75±0.07
	2.78±0.01 × 109
	66.69±0.02
	5.59±0.01
	10.0
	76.39±0.47
	3.63±0.04 × 103

	
	0.5
	71.66±0.36
	2.22±0.02 × 109
	68.17±0.62
	7.81±0.13
	15.0
	59.88±0.49
	68.75±0.10

	
	0.6
	70.65±0.27
	1.76±0.01 × 109
	65.65±0.48
	4.56±0.06
	20.0
	66.17±0.60
	299.93±0.05

	
	0.8
	65.01±0.56
	4.84±0.07 × 108
	48.78±5.76
	0.14±0.00
	
	
	

	1. Thermal Step
	
	71.22±4.01
	
	65.25±10.24
	
	
	70.49±9.08
	

	
	0.2
	64.12±0.81
	4.28±0.09 × 107
	57.39±0.74
	0.085±0.0
	5.0
	66.93±0.10
	32.69±0.01

	
	0.4
	83.82±0.70
	2.64±0.04 × 109
	77.84±0.66
	4.81±0.07
	10.0
	68.57±0.50
	130.04±0.02

	
	0.5
	97.50±2.45
	3.01±0.12 × 1010
	92.60±2.03
	58.09±0.20
	15.0
	132.12±1.31
	1.03±0.02 × 107

	
	0.6
	108.21±1.71
	2.26±0.06 × 1011
	103.17±1.62
	377.51±0.09
	20.0
	140.74±3.22
	8.09±0.28 × 107

	
	0.8
	115.08±0.92
	7.91±0.10 × 1011
	110.17±0.87
	1.26±0.01 × 103
	
	
	

	2. Thermal Step
	
	93.75±20.34
	
	88.23±21.11
	
	
	102.09±39.81
	

	III

C9H6N5O4Cl


	0.2
	41.63±0.55
	1.72±0.04 × 106
	34.60±0.46
	0.52±0.01
	5.0
	107.99±0.50
	1.47±0.01 × 106

	
	0.4
	46.13±0.25
	6.44±0.06 × 106
	39.08±0.22
	0.47±0.01
	10.0
	102.62±0.23
	9.80±0.04 × 105

	
	0.5
	47.00±0.09
	8.57±0.03 × 106
	39.83±0.08
	0.55±0.01
	15.0
	78.06±0.19
	2.70±0.01 × 103

	
	0.6
	47.92±0.09
	1.13±0.01 × 107
	40.70±0.08
	0.59±0.01
	20.0
	122.28±0.41
	2.64±0.02 × 107

	
	0.8
	48.00±0.07
	1.26±0.01 × 107
	40.63±0.05
	0.97±0.01
	
	
	

	1. Thermal Step
	
	46.14±2.63
	
	38.97±2.53
	
	
	102.74±18.42
	

	
	
	110.88±0.89
	1.60±0.02 × 1011
	97.15±1.92
	55.20±0.17
	5.0
	85.05±0.94
	595.95±0.10

	
	
	135.06±2.70
	1.97±0.06 × 1013
	101.25±1.76
	160.48±0.04
	10.0
	97.85±2.53
	1.05±0.04 × 104

	
	
	142.48±3.70
	6.98±0.28 × 1013
	104.44±2.94
	268.45±0.11
	15.0
	93.43±1.49
	4.35±0.11 × 103

	
	
	139.67±3.63
	3.70±0.14 × 1013
	103.80±4.13
	228.05±0.14
	20.0
	112.23±3.37
	1.74±0.08 × 105

	
	
	150.98±3.18
	2.00±0.06 × 1014
	120.11±4.13
	2.87±0.14 × 103
	
	
	

	2. Thermal Step
	
	135.81±15.09
	
	105.35±8.73
	
	
	97.14±11.37
	



Table 7. The calculated thermodynamic values of the energetic materials prepared for the thermal decomposition reactions.
	Energetic Material
	Methods

	
	OFW
	KAS
	CR

	
	ΔH/
kJ mol-1
	ΔS/
J K-1
	ΔG/
kJ mol-1
	ΔH/
kJ mol-1
	ΔS/
J K-1
	ΔG/
kJ mol-1
	ΔH/
kJ mol-1
	ΔS/
J K-1
	ΔG/
kJ mol-1

	C6H5N4O4Cl
	
	
	
	176.27
	-15.82
	184.17
	189.98
	136.74
	121.74

	C9H6N5O4Cl 
	
	
	
	
	
	
	
	
	

	1. Thermal Step
	44.05
	-117.29
	108.54
	36.88
	-255.01
	177.10
	100.65
	-135.32
	175.06

	2. Thermal Step
	133.09
	13.96
	124.36
	102.63
	-204.60
	230.54
	94.42
	-174.11
	203.27

	C7H6N5O4Cl 
	
	
	
	
	
	
	
	
	

	1. Thermal Step
	69.21
	-70.93
	107.49
	63.24
	-232.79
	192.65
	68.48
	-181.72
	166.55

	2. Thermal Step
	91.04
	-50.46
	122.52
	85.52
	-217.31
	221.10
	99.38
	-210.61
	230.78



3. 4. Computational Results

	The electron density maps and HOMO-LUMO overlap images are illustrated in Figure 6. The calculated formation enthalpies (kJ/mol) and the smallest HOMO-LUMO energy differences (eV) are listed in Table 8. In electron density maps the blue areas correspond to the electron-rich and the red areas correspond to the electron-poor regions. According to the Kamlet- Jacobs equation the calculated oxygen balance (Ω), theoretical detonation velocity (D) and detonation pressure (P) values are given in Table 9.

Table 8. The energy levels of the highest energetic HOMO and lowest energetic LUMO, calculated theoretical dipole moment and formation enthalpy values of the energetic materials prepared.
	Energetic Compound
	EHOMO/ eV
	ELUMO/ eV
	ΔE/ eV
	µ/ D
	ΔHfo/ kJ/mol

	1,3-dichloro-4,6-dinitro-benzene
	-7.948
	-3.193
	4.755
	3.55
	458.832

	I
	-6.905
	-2.902
	4.003
	7.66
	386.290

	II
	-7.073
	-3.215
	3.858
	5.01
	372.217

	III
	-6.711
	-3.203
	3.508
	4.10
	338.506



Table 9. Calculated detonation properties of the energetic materials prepared.
	Component
	Vcalc/
cm3 mol-1
	calc/
g cm-3
	Ω/
%
	Q/
kcal g-1
	D/
km s-1
	P/
kbar

	1,3-dichloro-4,6-dinitrobenzene
	129.140
	1.15
	-0.54
	835.8
	3.92
	4.99

	I
	127.646
	1.82
	-0.69
	1047.4
	6.54
	19.07

	II
	173.358
	1.76a
	-0.77
	918
	6.17
	16.66

	III
	172.192
	1.25
	-0.93
	949.9
	4.75
	7.81


aX-ray data

[image: ]
Figure 6. Electron density distribution and HOMO and LUMO images of the energetic molecules prepared, a: 1,3-dichloro-4,6-dinitrobenzene, b: N(2,4-dinitro-5-chlorophenyl)hydrazine, c: N(2,4-dinitro-5-chlorophenyl)guanidine, d: N(2,4-dinitro-5-chlorophenyl)-4-aminopyrazole.
3. 5. Antibacterial Activity

	For bioactivity determination, G(-) (Escherichia coli-ATCC 25922, Pseudomonas aeruginosa-ATCC 27853, Salmonella enteritidis-ATCC35311) and G(+) (Enterococcus faecalis, Bacillus subtilis-DSM 1971, Staphilococcus aureus-ATCC 25953, Bacillus licheniformis-DSM 13) bacterial strains tested against I, II, and III in 8-512 mg/L concentration range. It was shown that compounds I, II, and III were especially effective against G(-) species and compound II is the most effective compound concerning antibacterial activity having 8-16 mg/L. MIC values for G(-) strains and being the only effective agent against G(+) strains. B. licheniformis was found to be the most susceptible bacterial strain against the energetic compounds tested in this study. The total results are given in Table 10.


Table 10. The antimicrobial tests results of the energetic materials toward seven different bacteria.
	Energetic Material
	E.
coli
	E.
faecalis
	B.
subtilis
	S.
aureus
	P.
aeruginosa
	S.
enteritidis
	B. licheniformis

	(mg.L-1)
	I
	II
	III
	I
	II
	III
	I
	II
	III
	I
	II
	III
	I
	II
	III
	I
	II
	III
	I
	II
	III

	512
	+
	-
	+
	+
	-
	+
	+
	-
	-
	-
	-
	-
	+
	+
	+
	+
	+
	-
	-
	-
	-

	256
	+
	+
	+
	+
	-
	+
	+
	-
	-
	-
	-
	-
	+
	+
	+
	+
	+
	-
	-
	-
	-

	128
	+
	+
	+
	+
	-
	+
	+
	-
	-
	+
	-
	-
	+
	+
	+
	+
	+
	+
	-
	-
	-

	64
	+
	+
	+
	+
	-
	+
	+
	-
	-
	+
	-
	-
	+
	+
	+
	+
	+
	+
	+
	-
	-

	32
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	-
	-
	+
	+
	+
	+
	+
	+
	+
	+
	+

	16
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	-
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+

	8
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+
	+



4. Discussion

4. 1. Structural Analysis

	Amongst the energetic compounds obtained in this study, only N(2,4-dinitro-5-chlorophenyl)hydrazine (I) has been obtained in suitable crystal size for the determination of the molecular structure and unit cell properties by the XRD studies. The crystal properties and data collection conditions are listed in Table 2. In Figure 6a, one can see the molecular model drawn with the use of Ortep program. The bond lengths and angles are listed in Table 4 and the possible inter- and intra-hydrogen bonds in the molecular structure are seen in Table 5. The model is found to contain two NH2 on C7 atom. However, according to the Erlenmeyer rule, it is not possible to attach two NH2 to the same atom.43 On the other hand here the guanidine group is attached to the aromatic ring via N3 atom. Under these circumstances, the hydrogen atoms on N3, N4, and N5 are very labile and dislocate constantly due to resonance phenomena. A similar situation has been observed recently in X-ray investigation of picrylguanidine.13,44 The lengths of C-N and N-H bonds in guanidine group listed in Table 2 support the resonance phenomena since one of the two N-H bonds of the hydrogens attached to N4 and N5 atoms is smaller than the other. Similarly, the C-N bonds are shorter than expected. This shows the fact the double bond constantly relocates around C7 atom. Table 3 lists the probable hydrogen bonds but there is no sigh of intra- or intermolecular hydrogen bond in the molecule. The strongest H-bond in the molecule is the one between N5-H11 and N3 atoms of the neighboring molecule with an angle of 169° and a length of 2.911 Å. This cannot be classified as a strong hydrogen bond since strong hydrogen bonds are shorter than this.45-47 In this study, it was not possible to obtain N(2,4-dinitro-5-chlorophenyl)hydrazine (I) in suitable crystal sizes. Although X-ray study of picrylhydrazine has been recently reported, the compound possesses a higher number of inter- and intramolecular bonds with much shorter bond lengths with predominating intermolecular forces.9 

4. 2. Thermal Analysis

	Table 1 lists the thermoanalytical data of three energetic compounds obtained from TG at a heating rate of 5-15 °C.min-1. When we look at the TG curves in Figure 2a, at a heating rate of 15 °C.min-1, the compound I undergoes a complete single-step decomposition with almost a complete mass loss between 250-260 °C just like an explosive material. The other two materials, on the other hand, give two distinctive reactions at the same heating state. However, these TG curves change at lower heating rates. The compound I is observed to give a distinct two-step reaction at a heating rate of 5 °C.min-1 or lower (Figures 3a and 3b). TG curves of compounds II and III vary with decreasing heating rates.
	The fact that compounds II and III show distinct changes at 5 °C.min-1 is apparent in Figure 4. The decomposition of compound II and III in two steps are more clearly observed at low heating rates. The mass losses of compounds II and III are 65% and 56%, respectively as a result of thermal decomposition.
	A fact that known about energetic materials since 1958 is that if there is a nitrogen-containing group neighboring a nitro group the thermal decomposition takes place though a furoxan ring.8,48-51 This situation is particularly apparent in picrylazide molecule where the 1st nitrogen of the azide group forms a furoxan ring with the oxygen of the neighboring nitro group releasing two nitrogen of the azide group as an N2 molecule.11,48 If the heating process continues the resulting furoxan will also decompose. A similar case exists for the compounds investigated here. Scheme 2 below shows the furoxan conversion reactions of the compounds prepared. As a result of the decomposition process, it is thought that 5-chloro-6-nitro furoxane is formed by the release of a small group in gaseous form. Table 1 lists the thermoanalytical results drawn from the TG data. The mass losses for the first stage of decomposition at a thermal heating rate of 5 °C.min-1 for compounds II and III are 16.89±0.46 and 25.76±1.08. In Figure 7 below the theoretical mass loss of values of energetic compounds II and III for the second step were 16.95% and 24%. These results prove that the first stage thermal decomposition reaction of compounds II and III takes place as written below. However since the thermal decomposition rate of compound I is much higher than those of compounds II and III, it was not possible to accurately define its mass losses at the first and second stage decomposition reactions even at very low heating rates. Although the decomposition reaction is observed to take place in two staged manners at low heating rates in Figure 3a the mass loss is erratic. Especially since the second thermal decomposition reaction is very fast, there observed anomalies both in TG and DTA curves. Nevertheless, if one looks at TG curve of compound I at 5 °C.min-1 one sees that it is a two-stage process. It is seen that there is a small mass loss at the beginning in both the TG curves taken at heating rates of 5 °C.min-1 and 15 °C.min-1. However, the mass loss observed at the start constantly increases with the heating rate which makes it impossible to do any calculations for compound I.




Figure 7. Probable first decomposition reaction of the energetic materials prepared.

	As seen from Table 6, the results obtained from thermokinetic studies for compound I are not satisfactory. At the heating rates below 1 °C.min-1 OFW technique is not useable since the logarithm of a number smaller than 1 is negative and it is not possible to compute the activation energy under these conditions. Although they can be calculated by the use of KAS and CR methods, the results are not reliable. Since TG curves change with the increasing heating rate the regression coefficients at high g(α) values are far from the acceptable limits. 	The values calculated for compound I in Table 76are not statistically reliable. On the other hand, the values given for compounds II and III are comparable. Especially the results obtained for compound II by the use of OFW and KAS methods are very close to each other. This situation verifies the fact the nonisothermal-isoconvertional calculations in the thermokinetic computations indicated by ICTAC in 2011 are much more reliable.52-54 The OFW and KAS results of compound III are comparable. However, its CR calculation is different than those of OFW and KAS results. Since both OFW and KAS non-isothermal graphic techniques the similarity between the results is an expected outcome. Table 8 lists the enthalpy (ΔH0) values of the decomposition reactions of the energetic compounds investigated in this study. It was not possible to use OFW method for compound I for the use of lower heating rates. Since it is not possible to define the boundaries of the first and the second decomposition reactions of compound I all the calculations were carried out on the assumption that the compound gives a single step decomposition reaction at heating rates of 0.6, 0.75 and 1.0 °C.min-1. However, the ΔH0 value of compound I calculated by the assumption of single-step decomposition reaction is of comparable dimension with those compounds II and III calculated based upon two-step decomposition. This shows the fact that the approach is not bad at all. However, the difficulty of the thermokinetic studies of energetic compounds is obvious. For very rapid reactions one has to use very low heating rates but if the thermal decomposition reaction gives the curve expected from TG analysis as is the case for the energetic compounds of II and III, the results are highly useable. What is the logic for the thermokinetic studies of energetic compounds? This point is under discussion as is the validity of Kissinger equation.55

4. 3. Computational Calculation

	The theoretical results are tabulated in Table 8. The formation enthalpies or ΔHf0 values of the compounds I, II and III are listed as 386.290, 372.217, and 338.506 kJ.mol-1 respectively which also indicate the order of the stability of these compounds. The most stable one among them is compound III with the smallest ΔHf0 value. This is highly commendable since there are two aromatic rings attached to each other in this compound. The theoretically calculated dipole moments also show parallelism with this result. Since dipole moments are the measure of electron distribution the homogeneity of the electron distribution changes in parallel with the dipole moment and ΔHf0 values. The only unexpected result of the theoretical calculations is the difference in energy between HOMO and LUMO levels which is the measure of the thermal sensitivity of energetic materials.56 Theoretically calculated detonation heat, detonation pressure and detonation velocity values are given in Table 9 using the formation enthalpy values, densities and oxygen balance values of the energetic substances prepared. Only the density value of energetic compound II was determined with X-ray study, others were theoretically calculated. The detonation velocity and detonation pressure values were calculated in parallel with the formation enthalpy values of energetic substances and this is an expected result. This case shows the success of the Gaussian09 program because the experimental density of the energetic substance number II lies within a suitable range between theoretical densities.
	The smaller is this difference, the smaller is the thermal sensitivity. Therefore, the compound with the highest thermal sensitivity is compound III. However, this is also the compound with the highest thermal decomposition temperature. This contradiction is attributed to probable intermolecular interactions. When we consider the dipole moments the compound with the highest intermolecular forces is compound I. By the effect of these forces, the molecule may preserve its solid-state properties up to a certain temperature and have a sudden decomposition. There are numerous examples of this situation in the literature.57 Therefore the compound I behaves differently than compounds II and III. 

4. 4. Antimicrobial Activity

	Table 10 lists the antimicrobial effects of three energetic compounds against seven bacteria. There are two major reasons to investigate the antimicrobial properties of energetic compounds. The first one is to determine whether they have any lethal effect upon the microbial organisms. The second reason was just the opposite of whether they have the nutrious effect of the bacteria. The results listed in Table 10 show the fact that the energetic materials do not have any lethal effect upon the bacteria. On the contrary, they may provide a nutrition source to microbial organisms. The compound I acted as a nutrition source for all the microorganisms investigated. The energetic compounds are rich in nitrogen. Nitrogen is at (+) state in nitro and at (-) in amino groups attached to the molecule. That is why all the bacteria used the compound especially compound I as a nutrition source in cultured medium. The energetic compounds II and III showed an antimicrobial effect on a microbial concentration of 64 mg.dm-3. The compound with the highest antimicrobial effect is compound II. This is due to guanidine group attached to the molecule. Guanidines have been used as an anti-septic agent in gastro systems.58
	Also, the antimicrobial studies must be extended to environmental dimensions. The elimination of the ammunition which completed their practical lives constitutes a very big problem. The only solution today is burning the outdated material. This is a dangerous and risky process. Microbial degradation can be a much less risky alternative to it.

5. Conclusion

	Three new energetic materials were prepared using 1,3-dinitro-4,6-dichlorobenzene with nucleophilic substitution reactions and investigated these energetic materials by thermogravimetry. It was observed that thermal decomposition of these energetic materials occurs in two steps and these two steps reaction can be observed in low heating rates. Thermogravimetric results showed that the intermediate product is furoxane ring in thermal decomposition. Besides, although these energetic materials contained nitro groups, it was seen that they do not have a strong toxic effect on seven different bacteria and on the contrary they are nutrient materials for some bacteria.
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