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Abstract
The tetrahydrate of the tetrapotassium salt of octahydroimidazo-[4,5-d]imidazol-1,3,4,6-tetrasulfonic acid (TACOS-K), an new energetic material, was investigated in terms of its crystal structure, heat of combustion, thermal stability and decomposition kinetics. Its heat of combustion is -5487±96 J.g-1 from which a heat of formation of -3150 kJ.mol-1 was estimated. It has been found that this compound has a hexagonal crystal space group with a density of 2.026 g.mol-1/150 K. The organic anionic skeleton of the TACOS-K molecule is distinctly deformed. Six tetraanions interconnected by a coordination to the potassium cations and hydrogen bridges to water molecules form hydrophilic as well as hydrophobic cavities. As an intermediate to synthesize cis-1,3,4,6-tetranitro-octahydroimidazo-[4,5-d]imidazole (BCHMX), it decomposes at around 31°C with a first peak temperature range of 46.6-94.3 °C due to loss of water, depending on the heating rates. Hydrolysis of the N-S bonds might play an important role here. Crystalline water evaporation competes with this hydrolysis. TACOS-K has a residual mass of about 46% at 2°C.min-1, which increases with the heating rate. Peak of the exothermic process occurs at 235.6 °C at the same heating rate with an enthalpy change of 164 J.g-1. Dehydration occurs with an energy barrier of 36.7 kJ mol-1 followed by a shoulder mass loss process with a much higher activation energy 110.6 kJ mol-1, while the activation energy for the main exothermic reaction is about 136.2 kJ mol-1.
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Introduction

At the present time, polycyclic nitramines are receiving increasing interest as potential highly energetic materials1. Their main features are high density and high performance with no significant increase in sensitivity to mechanical stimuli.  cis-1,3,4,6-Tetranitro-octahydroimidazo-[4,5-d]imidazole (a.k.a. bicyclo-HMX or BCHMX) is one of those attractive compounds which is predicted to have a higher density than 1,3,5,7-tetranitro-1,3,5,7-tetrazocane (HMX)2. The compound has drawn the attention of organic chemists since the publication of its theoretical design and its predicted superior physical and explosive properties3. Experiments have shown4 that BCHMX has an impact sensitivity similar to that for pentaerythritol tetranitrate (PETN) and a crystal density of 1.86 g.cm-3. Its positive heat of formation is three times greater than that for HMX [4] due to steric hindrance in the BCHMX molecule4; this fact also explains the slightly greater heat of explosion5 and lower thermal stability4 for BCHMX compared with that for HMX4, 5. 

As an intermediate product of the BCHMX synthesis6,7, the tetrapotassium salt of octahydroimidazo-[4,5-d]imidazol-1,3,4,6-tetrasulfonic acid (TACOS-K), till now almost unmapped, should also be sterically crowded, and tends  to decompose exothermically during thermal analysis. This paper considers the conformation, thermochemistry and thermal analysis of TACOS-K. 

Experimental Section
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Materials preparation. 
TACOS-K was prepared6,7 by combined N-Mannich and aldol condensation from the potassium salt of sulfamic acid, a 40% water solution of glyoxal and a 36% water solution of formaldehyde at temperatures  up to 70°C and pH 3.5 – 4.5. Product was crystallized from distilled water (sample A) and, after being kept for nine months at laboratory temperature, from distilled water after treatment of the solution with Active Carbon (sample B). By means of the Fisons - EA-1108 CHNS-O elemental analyzer for determination of the C, H, N and S contents the following results were found:
calculated:        C 7.33;   H 1.54;   N 8.55;   S 18.75
for sample A:   C 7.87±0.01;  H 1.66±0.01;  N  8.54±0.02; S 18.87  this was used for X-Ray study;
for sample B:   C 7.79±0.04;  H 1.47±0.02;  N 8.61±0.03;  S 18.57 this was used for heat of combustion determination. These results show that TACOS-K exists in the tetrahydrate form. After being kept in a vacuum for 7 weeks (roughly 20 mm Hg) at normal temperature under P2O5, no weight loss was detected.
X-Ray Crystallographic Study. 
The crystal for the X-ray study was grown from distilled water. The details of the crystal structure determination and refinement of the compound studied are given below. A suitable single crystal of TACOS-K was mounted on glass fiber with perfluorinated silicone oil and measured on a Kappa-CCD four-circle diffractometer with a CCD area detector using monochromatized MoKα radiation. Data reductions were performed with DENZO-SMN8. Structures were solved by direct methods (Sir92)9 and refined by full matrix least-squares based on F2 (SHELXL-2014/7)10. The data were corrected for absorption by numerical correction from the shape of the crystal using Gaussian integration methods11. Structure has been postrefined by Olex2 1.2 software12,  details of this refinement are stored in the cif file provided in Supplementary Information. Crystallographic data for structural analysis has been deposited with the Cambridge Crystallographic Data Centre13. The oxygen atom O8 and one hydrogen atom of water molecules lie on 3-fold axes. Selected crystallographic data for TACOS-K: C4H10K4N4O14S4 ~ C4H6K4N4O12S4·4(H2O), M = 622.80, hexagonal, P6322, a = 14.4920(10), c = 16.8380(8) Å, Z = 6, V = 3062.5(4) Å3, Dc = 2.026 g.cm-3, 1.355 mm-1, 2083 independent reflections (Rint = 0.0484), 1736 with I > 2(I), 139 parameters, S = 1.110, R1(obs. data) = 0.0538, wR2(all data) = 0.1227. CCDC Deposition number: 633963. 

Heats of Combustion and Formation. 
A BCA-500 (OZM Research, Czech Republic) automatic bomb calorimeter was used to measure the heat of combustion of samples. Combustion was carried out in a bomb (approx. 300 ml) in an oxygen atmosphere (20 bar) using a quartz crucible14. The calorimeter was calibrated with benzoic acid (ΔHc = 26 434 J g-1), the effective heat capacity of a calorimeter is 9 276./3 J/°C. A piece of cotton cloth (ΔHc = 16 667 J g-1) was used to support the ignition of the sample and to ensure its complete combustion. The data obtained are summarized in Table 1.
These data were used for the calculation of heat of formation of the sample. TACOS-K is oxidized according to the following equation:

C4H10N4S4O16K4 + 5.5 O2 → 4 CO2 + 2 N2 + 2 K2SO4 + 5 H2O + 2 SO3






(1)

Scheme (1) was suggested on the basis of information about the thermal decomposition of potassium pyrosulfate15. From the results of the elemental analysis of sample B a formula was estimated in the form C4.44H10N4.18S4.18O13.3K4.44 and for this the heat of formation was calculated to be -3150 kJ mol-1.
Table 1. Heat of combustion (ΔHc).
Thermal Analysis.
 
The thermal decomposition kinetics of the samples were studied using the thermogravimetry technique (TG, Netzsch 209F3 instrument, Al2O3 crucible) with heating rates of 2°, 5° (with data collecting rate of 40 points per Kelvin), 10° and 15°C.min-1 (with data collecting rate of 60 points per Kelvin). The test temperature range for TG was 30～500°C, with the sample mass of about 2.5-3.5 mg under 50 ml.min-1 dynamic nitrogen atmosphere. Their heat flow properties were recorded by the technique of Differential Scanning Calorimetry (DSC, Netzsch 200F3 instrument, Aluminum pan with a pin-hole cover in a dynamic nitrogen atmosphere under pressure of 0.1 MPa). The sample mass for DSC was about 3.5 mg with a heating rate of 2° and 5°C min-1 (temperature range: 30-400°C).
Results and Discussions

Molecular Structure. 
The numbering scheme for the TACOS-K molecule is shown in Fig. 1. On the basis of elemental analysis, TACOS-K was found to be a tetra hydrate. This was also supported by X-Ray diffraction methods. Measured bond lengths in the anionic part of the TACOS-K molecule are collected in the Supplementary information file. A diagram of the TACOS-K molecule used to define the atom numbering is shown in Fig. 1 along with a representation of the crystal packing and supramolecular architecture (Fig. 2). 
Figure 1: 

Figure 2:  

The results of the crystal structure determination show the highly dense and symmetric array of molecules, where the six anionic tetrasulfonic moieties, in one level, surrounding the tubular hydrophobic cavity (Fig 2). All anions are orientated by all SO3- groups inside that tubular cavity making thus a space for all potassium cations coordinated by them. Another hydrophilic tubular cavity is formed by the approach of the orientation of six heterocyclic parts of the anions. This particular arrangement is enabled by several H-bong interactions from water molecules to the nitrogen atoms as well as to some of the oxygen atoms which are not involved in the coordination of the potassium cations. A plethora of other water - water contacts are also present inside of that type of cavities. As a result of that highly organized supramolecular architecture, the highest experimental density has been observed for TACOS-K in the series of 2,4,6,8-tetraazabicyclo[3.3.0]octanes (～1.2-1.9 g.cm-3)2,4,16-23. Similarly, as in the case of BCHMX crystals4, the TACOS-K molecule in the crystal is also distinctly deformed (crowded). Interatomic angles in the anionic part of its molecule is between 110.6 (°)(N1–C1–N2) and 107.5 (°) (N2–C2–N1) (in the BCHMX molecule it is between 112.8(2)(°) and 110.4(2)(°) [4]); for comparison, a bond angle of the carbon atom with sp3 hybridization is 109o28’.  The C-N bonds of TACOS-K (from 1.458 to 1.486 Å) are significantly elongated in comparison with those in the BCHMX molecule (from 1.445 to 1.464 Å [4]). On the other hand, the central C-C bond in TACOS-K (1.516 Å) is slightly shorter than those in the BCHMX molecule (1.538 Å, see Ref.4). The N-S bonds are shorter than the N-S single bond distance (about 1.76 Å see Ref.24) and longer toward those in sulfamide (about 1.60 Å see Ref.25). It should signalize that the N-lone pair here does not participate in delocalization, similarly as it is in the N-S bonds of sulfonamides26. This means that a relatively easy attack on this lone pair by the SE agent (proton, nitronium cation, etc.) should be possible; in the same way, water in the crystal causes hydrolytic fission of the N-S bonds and thus yellowish-brownish spots appear in the TACOS-K that has been stored the longest (such product gives a significantly lower yield of BCHMX following nitrolysis).
TG/DTG results. 
TG/DTG curves of TACOS-K with heating rates of 2°, 5°, 10° and 15°C min-1 were recorded (see Fig. 3). It has been shown that the decomposition process of TACOS-K comprises at least four steps. The mass loss process of TACOS-K is highly dependent on the heating rate. It is interesting that the second and fourth peak temperatures at 15°C min-1 are lower than those at 10°C min-1. 
Figure 3: 
TACOS-K started to lose of mass at around 31°C with a first peak temperature at 46.6-94.3 °C depending on the heating rates. The first two peaks for TACOS-K in Fig. 3 may correspond to the loss of crystal water, which has been specified as 4 molecules in one molecule of TACOS-K. These two peaks are well separated at lower heating rates and could be completely overlapped at a heating rate of greater than 15°C min-1. This will be further confirmed by the results from DSC experiments in the following section. Besides, TACOS-K has a residual mass of about 46% at 2°C min-1, which increases with the heating rate. In thermal decomposition of this tetrapotassium salt hydrolysis of the N-S bonds might play an important role where the primary inorganic product should be potassium pyrosulfate. This pyrosulfate decomposes at temperatures above 350 °C giving potassium sulfate and sulfur trioxide15, a process which might correspond to the DTG curves in Fig. 3 for the temperature range above 300 °C.  Water evaporation will compete with this hydrolysis - evaporation should be enhanced by any faster increase in temperature and thus pyrolysis of “dried” TACOS-K should lead to greater amounts of the polymeric product from this decomposition. 
DSC studies. 
The thermal behavior analysis of the materials concerned here was supplemented by DSC data. The samples were encapsulated in an aluminum pan with a pin hole and measurements were performed under identical conditions. The heat flow curves obtained are shown in Fig. 4 and the characteristic parameters are summarized in Table 2.

Figure 4: 
It is interesting that TACOS-K, usually considered as a non-energetic salt, could undergo an exothermic reaction. According to Fig. 3, as mentioned above, the decomposition process of TACOS-K can be divided into four steps. The first and the last steps are endothermic, and the heat absorption for the first step is about 124-144 J g-1 depending on the heating rate; a reason for this phenomenon might be the same as in the case of the TG/DTG results mentioned earlier. The following two exothermic peaks are overlapped, which correspond to the decomposition of the cyclic structure. It is clearer if we compare the TG/DTG curves with the DSC curve that the initial two-step mass loss corresponds to an endothermic process with the same peak temperature of 68.7°C. The subsequent exothermic peak temperature is 253.4°C, corresponding to the third mass loss step with a peak of 254.6°C with a heating rate of 5°C min-1, which is also very close to the decomposition peak temperature (250.1°C) of BCHMX in the same conditions27. According to the DSC records in Fig. 4, the exothermic heat of decomposition for TACOS-K is about 164-166 J g-1, which is almost independent of the heating rate. This exothermicity is caused by the TACOS-K molecule crowding. 
Table 2. DSC parameters of TACOS-K with a heating rate of 2.0 and 5.0 K min-1

Figure 5: 
Decomposition kinetics.
 Solid-state reactions of energetic materials are in many cases complex and may involve several overlapping processes. The kinetic analysis of such solid-state reactions is challenging. The kinetic parameters, including activation energy (Ea), pre-exponential factor (A) and kinetic model (f(α)) of each individual process, should be determined for a complete kinetic description of the overall reaction. For a one-step process, one can use model-free methods, which state that at a constant extent of conversion the reaction rate is only a function of the temperature. As shown above, decomposition of TACOS-K is a complicated multi-step process and the corresponding α-T curves for the exothermic and endothermic decomposition steps are plotted in Fig. 5. It is strongly recommended to evaluate the overlapping complex processes after proper peak separation. However, the dependence of the endothermic processes on the heating rate mentioned earlier makes them very difficult to separate. Here we could only obtain the activation energy Ea of the major mass loss steps by using Kissinger's method (see Eqn. (2))28
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where b is the heating rate, and Tp the peak temperature of DTG or DSC curve at that rate. When lnβ/Tp2 is plotted against 1/Tp, a straight line is obtained, and the activation energy is calculated from the slope -E/R. 
Table 3. The peak temperature and corresponding activation energies by Kissinger method for 
During the calculation of activation energy, the abnormal peak temperature due to the change of mechanism should be excluded, e.g. the peak temperatures for the second and fourth steps with a heating rate of 15°C.min-1. The corresponding peak temperature and activation energies are summarized in Table 3. The first step occurs with an energy barrier of 36.7 kJ mol-1 followed by a shoulder mass loss process with a much higher activation energy 110.6 kJ mol-1. These two overlapped endothermic reactions could be considered as a dehydration process accompanied by an average mass loss of 10.4%, which is very close to the theoretical H2O mass content of 11%. The activation energy for the main exothermic reaction is 136.2 kJ mol-1. This might correspond to the collapse of the ring structure. The last step might be controlled by mass transport properties of the condensed products, which is largely dependent on the heating rate resulting in a very low correlation coefficient (<0.98).

Conclusions
The tetrapotassium salt of octahydroimidazo-[4,5-d]imidazol-1,3,4,6-tetrasulfonic acid tetrahydrate (TACOS-K) has a more deformed basic molecular skeleton than the skeleton in 1,3,4,6-tetranitro- octahydroimidazo-[4,5-d]imidazole (BCHMX). Based on a careful investigation of its supramolecular architecture, we can suggest the presence of two types of tubular cavities where water molecules are present in the one type and the potassium cations in the second one. This highly organized structure lead to the highest density in the solid state (2.026 g.mol-1 at 150 K) with respect to the similar heterocyclic molecules. Its heat of combustion is -5487±96 J.g-1 from which a heat of formation of -3150 kJ.ml-1 was derived. The fact that this salt contains crystalline water, leads to a certain instability during lengthy storage due to hydrolytic processes.  During heating of TACOS-K crystals, evaporation of water in the crystals tends to compete with this hydrolysis; the tetrahydrate begins to lose of mass at around 31°C with a first peak temperature of 46.6-94.3°C depending on the heating rates, due to this loss of water. TACOS-K has a residual mass of about 46% at 2°C.min-1, which increases with the heating rate. The exothermic process occurs at 235.6°C at the same heating rate with an enthalpy change of 164 J.g-1; this exothermicity is closely related to the steric hindrance in the TACOS-K molecule. Hydrolysis of the N-S bonds might play an important role in its exothermic reaction, the primary inorganic product of which should be potassium pyrosulfate; the latter may decompose above 350°C producing potassium sulfate and sulfur trioxide23. Dehydration occurs with an energy barrier of 36.7 kJ mol-1 followed by a shoulder mass loss process with a much higher activation energy 110.6 kJ mol-1, while the activation energy for the main exothermic reaction is about 136.2 kJ mol-1. The results obtained show that the tetrahydrate of TACOS-K should not be produced for longer storage, even in normal conditions. 
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 Table 1. Heat of combustion (ΔHc).
	m (sample)
	m (cotton)
	ΔHc

	[mg]
	[mg]
	[J g-1]

	337
	679
	5 611

	280
	409
	5 419

	199
	364
	5 557

	210
	316
	5 364


Table 2. DSC parameters of TACOS-K with a heating rate of 2.0 and 5.0 K min-1
	samples
	First exothermic peak
	The shoulder exothermic peaks 
	Total heat release

∆H / J.g-1

	
	To / °C
	Tp / °C
	Te / °C
	WP / °C
	Tsp1 / °C
	Tsp2 / °C
	

	TACOS-K 

(2 K min-1)
	235.6
	240.9
	259.4
	25.1
	215.7
	258.1
	  164.1

	TACOS-K 

(5 K min-1)
	246.6
	253.4
	271.6
	24.0
	226.2
	270.2
	166.3


Note: To ——onset temperature of the peaks; Tp—— peak temperature of thermal events; Te —— the end temperature for heat change; ∆H1 —— heat absorption; WP, peak width;

Table 3. The peak temperature and corresponding activation energies by Kissinger method for TACOS-K

	
	Tp at different heating rates
	Mass loss of endothermic process/ %
	Kinetic parameters

	
	2
	5
	10
	15
	
	Ea
	Log A
	r

	1st
	46.6
	68.7
	79.8
	94.3
	9.9
	36.7
	4.93
	0.9920

	2nd
	156.6
	170.2
	178.0
	174.6
	11.6
	110.6
	12.61
	0.9960

	3rd
	242.9
	254.6
	265.6
	275.9
	10.0
	136.2
	12.92
	0.9915

	4th
	326.1
	344.0
	377.7
	353.4
	10.1
	85.7
	5.29
	0.9747

	Ti
	30.1
	31.2
	32.6
	33.9
	


Notes:  1st, 2nd, 3rd, and 4th mean different steps of decomposition; Tp, peak temperature, in °C; Ti, the initial temperature for mass loss, in °C; Ea, activation energy, in kJ mol-1; Log A, logarithm of pre-exponential factor, in min-1; r, correlation coefficient of Kissinger method; R, correlation coefficient for curve fitting.

Legends to figures:

Figure 1: ORTEP diagram of the TACOS-K molecule, for interatomic distances and angles see the Supplementary Information.

Figure 2:  View of supramolecular architecture, crystal packing and cavities present within the structure of TACOS -K, potassium atoms sitting inside the hydrophobic cavity surrounded by sulfonic groups are omitted for clarity.

Figure 3: The TG/DTG curves for decomposition of TACOS-K at different linear heating rates.
Figure 4: The DSC curves for non-isothermal decomposition of TACOS-K at heating rates of 2.0 and 5.0 K min-1.
Figure 5: Comparison of α-T curves for exothermic and endothermic decomposition steps of TACOS-K
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