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Abstract

:

By means of the CCSD(T)/6-311++G(df,p) and G4 quantum-chemical calculation methods, the calculation of the molecular and electronic structures of boron–nitrogen compounds having the B3N3 composition was carried out and its results were discussed. It was noted that seven isomeric forms with different space structures can exist; wherein, the most stable form is a distorted flat hexagon with alternating B and N atoms, with both B and N atoms forming regular triangles, but with different side lengths. The values of geometric parameters of molecular structures in each of these compounds are presented. Also, the key thermodynamic parameters of formation (enthalpy ΔfH0, entropy S0, Gibbs’ energy ΔfG0) and relative total energies of these compounds are calculated.
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1. Introduction


At present, a very significant number of chemical compounds containing boron and nitrogen atoms are described in the literature (see, for example, early publications [1,2,3,4,5,6,7] and recent works [8,9,10,11,12,13,14,15]). Despite this, one compound is known to contain atoms of only these two elements, namely, boron nitride BN, for which a number of polymorphic modifications have been found [16,17,18,19,20,21,22,23,24], the most famous of which are α-BN (hexagonal) and β-BN (cubic). α-BN has a structure similar to that of graphite; β-BN, known by the names “elbor”, “borazon”, “cubonite” et al., has a diamond-like structure and a very high hardness, almost no different from that of diamond. Due to this high hardness, it is widely used in industry in grinding tools for processing various steels and alloys. Unlike diamond, it is non-combustible, withstands high thermal loads and retains the sharpness of its crystals (grains) for a longer time, which makes it possible to intensify the modes of grinding materials. Also, a number of other modifications of boron nitride resembling allotropes of carbon are described in the literature, f.e., nanotubes and nanolayers; however, all these modifications of boron nitride can be considered inorganic polymers and contain a very significant number of atoms. There is no information in the literature about any other boron nitrides, including those with a small (less than 10) number of atoms in the structural unit (molecule). One of the most interesting compounds of boron with nitrogen is borazine B3H6N3 (Figure 1), which has also been studied in many works (see in particular, [25,26,27,28,29,30,31,32,33,34]) and which, along with B and N atoms, also contains hydrogen atoms. This compound is isoelectronic to benzene C6H6 and in its physical properties resembles it in many respects (although it differs quite a lot from it in chemical properties—for example, in B3H6N3, only hydrogen atoms bonded to B atoms can be replaced without breaking the cycle, while H atoms at N atoms are not able to enter into substitution reactions). A chemical compound close to borazine is the triboron trinitride B3N3 which, in principle, could be obtained as a result of the mild oxidation of B3H6N3, but, as far as we know, has not been obtained in experiment yet, and has not even been considered theoretically (in any case, we could not find works devoted to this compound). Nevertheless, this compound is of rather great interest not only for expanding understanding of the chemistry of boron, but also in practical terms, since it can serve, for example, as a precursor for obtaining various compounds of this element and creating promising materials based on boron-containing compounds. This compound is, in principle, capable of existing in the form of a number of isomeric forms having a cyclic structure, and their identification seems to be very interesting. Taking into account all the above, this article is devoted to establishing the possibility of the existence of this compound and, in the case of a positive answer to this question, to identifying its isomers and the specifics of their molecular and electronic structures, as well as their thermodynamic characteristics.




2. Method


The initial structures of the cyclic B3N3` (Figure 2) molecules for carrying out quantum-chemical calculations were as follows:



The choice of these initial structures was determined by the following two factors: first, the valence possibilities of the boron and nitrogen atoms (each of which is capable of binding with one, two or three neighboring atoms by means of three chemical bonds according to the exchange mechanism of chemical bond formation); and, second, the greatest typicality of these structures compared with other structures with a corresponding number of atoms. For these reasons, possible polyhedra such as the regular octahedron and the pentagonal pyramid were not included in the number of initial structures. The calculation of parameters of molecular and electronic structures of B3N3 molecules was carried out by means of the CCSD(T)/6-311++G(df,p) method combined with the coupled cluster method, using both single and double substitutions, including triple excitations non-iteratively–CCSD(T) [35,36,37,38] with the basis set 6-311++G(df,p) [39,40,41,42]. The given method is one of the most accurate and reliable quantum-chemical methods for calculating the molecular structures of various chemical compounds (in particular, p-elements) and takes into account electron correlation very well. Calculations were performed with the Gaussian09 program package [43]. To visualize the results of our calculations, we used the ChemCraft software, Version 1.8. The correspondence of the found stationary points to energy minima was proved in all cases by the calculation of the second derivatives of energy with respect to the atom coordinates; all equilibrium structures corresponding to the minima on the potential energy surfaces have only positive frequencies. The values of the standard enthalpies and Gibbs’ energies of the nitrogen-containing compounds under study were calculated using the G4 method described in detail in [44].




3. Results and Discussion


According to the results of our calculations, there are seven minima on the potential energy surface of the B3N3 system, and, therefore, in principle, there can be seven structures of polyatomic nitrogen molecules B3N3: B3N3 (I), B3N3 (II) and B3N3 (III)—in the form of flat distorted hexagons but with a different alternation of boron and nitrogen atoms, B3N3 (IV)—a non-planar distorted hexagon, B3N3 (V)—in the form of an “open book”, B3N3 (VI)—in the form where the atoms of the above elements are at the vertices of a distorted trigonal prism and B3N3 (VII)—in a shape that can be seen as a combination of a highly distorted pentagon and triangle. The images of the molecular structures of these B3N3 modifications are shown in Figure 3.



Thus, out of the 12 initial structures of B3N3 presented above, slightly more than half are implemented. That is characteristic, B3N3 acyclic structures or hybrid structures containing cyclic and acyclic fragments (in particular, a combination of a triangle and a triatomic linear fragment) are not realized. The key geometric parameters of these structures (bond lengths, valence and torsion (dihedral) angles) are given in Table 1. Data on the relative stability of all these forms are presented in Table 2; as can be seen, according to the values of the total energy (E0), they are arranged as E0[B3N3 (I)] < E0[B3N3 (II)] < E0[B3N3 (IV)] < E0[B3N3 (V)] < E0[B3N3 (III)] < E0[B3N3 (VI)] < E0[B3N3 (VII)]. So, the most stable of these modifications is B3N3 (I) and the least stable is B3N3 (VII). In this regard, it should be noted that according to the data of [45,46], in the case of the homonuclear N6 molecule, the modification with the molecular structure in the form of an “open book” turns out to be the most stable among all cyclic modifications of N6. The most stable modification of B3N3 (I) not only has a significantly lower energy (by more than 400 kJ∙mole−1) compared to that of other modifications of B3N3 but also a significantly larger set of symmetry elements (D3h symmetry group, one third order axis, three second order axes, four planes of symmetry and a center of symmetry). The remaining modifications of B3N3 either have only one plane of symmetry and belong to the Cs symmetry group (B3N3 (II), B3N3 (III), B3N3 (VII)) or are completely devoid of any symmetry elements (B3N3 (IV), B3N3 (V), B3N3 (VI)). The B3N3 (I) structure can be considered the result of a combination (overlapping) of two regular triangles, (B1B2B3) and (N1N2N3), in which the interatomic distances are 189.9 and 264.8 pm, respectively. This structure contains only B–N bonds, the lengths of which are equal to 136.5 pm. A similar situation takes place in the B3N3 (V) structure, however, there, all these relationships are different from each other (Table 1). In the remaining five modifications, all three possible types of chemical bonds, B–N, B–B and N–N are present. Taking into account the larger covalent radius of the boron atom compared to that of the nitrogen atom (82 and 75 pm, respectively), one would expect that, on average, the N–N bonds will be the shortest, the B–B bonds the longest, and the B–N bonds will occupy an intermediate position. This expectation in the case of the compounds under consideration is generally justified, but the lengths of the shortest bonds are slightly inconsistent with it since the N–N bond has a length of 130.5 pm (in B3N3 (III)), the shortest B–N bond is 129.5 pm (in B3N3 (II)), and the shortest B–B bond is 154.5 pm (in B3N3 (III)). The longest chemical bonds between these atoms are 154.7 (in B3N3 (IV)), 156.6 (in B3N3 (VI)), and 171.8 (in B3N3 (VI)) pm, respectively. In this connection it is worth noting that, in five of these seven modifications, all bond lengths between atoms turn out to be different. The exceptions are B3N3 (I), where all bond lengths are the same, and, oddly enough, the most “high-energy” modification of B3N3 (VII), where pairwise equality of bond lengths takes place (Table 1). As for the bond angles, they, as one would expect, taking into account the above asymmetry and differences in the bond lengths between atoms, in most cases also turn out to be different. The exceptions are B3N3 (I) and B3N3 (VII), where these structural parameters are pairwise equal.



The NBO analysis data for each of the seven B3N3 modifications obtained with using ideas outlined in [47] (version NBO3 inbuilt in Gaussian09) are presented in Table 3. As should be expected, the charges on different atoms of the same element (both B and N) are different, since, in all B3N3 modifications except for B3N3 (I), the atoms of any of these two elements are not equivalent to each other. In addition, since nitrogen is a more electronegative element than boron, one would also expect that in all these compounds the charges on the boron atoms would be positive and on the nitrogen atoms they would be negative. In general, this prediction is justified, but there are two exceptions among them, namely, B3N3 (III) and B3N3 (VII), in each of which one of the three boron atoms has a negative (albeit a very small) charge. In this regard, it is noteworthy that in each of these modifications there are two B–B chemical bonds, while in the remaining five modifications there is either one such bond (in B3N3 (II), B3N3 (IV) and B3N3 (VI)), or they are absent altogether (in B3N3 (I) and B3N3 (V)). Perhaps (and even very likely) these two facts are somehow connected, but how, namely, remains unclear, and further research is needed. It should also be noted that the effective charges on the B and N atoms differ quite significantly from +3.00 and −3.00, respectively, which, in turn, indicates a rather pronounced degree of covalence of the B–N bonds. The highest degree of polarization of these bonds takes place in the most stable modification of triboron trinitride, B3N3 (I), whereas the lowest its degree occurs in the least stable B3N3 (VII) (Table 3).



The values of the standard enthalpy ΔfH0, the standard entropy S0 and the standard Gibbs energy ΔfG0 for various modifications of B3N3 are given in Table 4. As can be seen from it, the values of ΔfG0 for each of these modifications are positive, and therefore, none of them can be obtained from simple substances formed by these elements (i.e., in the interaction between solid boron and molecular nitrogen N2). In this connection, it is necessary to consider the possibility of synthesis at least the most energetically favorable modification of triboron trinitride, namely, B3N3 (I) from other starting compounds. The most interesting and logical among them is the preparation of B3N3 (I) as a result of the oxidation of borazine B3N3H6 with molecular oxygen in the gas or liquid phase according to the general Schemes (1) or (2), respectively


2 B3H6N3 (gas) + 3 O2 (gas) → 2 B3N3 (gas) + 6 H2O (gas)



(1)






2 B3H6N3 (liq) + 3 O2 (gas) → 2 B3N3 (gas) + 6 H2O (gas)



(2)




by analogy with the long and well-known oxidation reaction of benzene C6H6, which is isoelectronic to borazine, according to the general Scheme (3)


2 C6H6 + 3 O2 → 12 C + 6 H2O



(3)







The standard thermodynamic parameters of formation for substances participating in Reaction (1) are presented in Table 5.



Using these data, one can easily calculate the standard thermodynamic parameters of Reaction (1) ΔH0 = −32.0 kJ∙mol−1, ΔS0 = 472.6 J∙mol∙K−1, ΔG0 = −172.5 kJ∙mol−1 (see Supplementary Materials). In accordance with the classical Gibbs–Helmholtz equation ΔG (T) = ΔH0 − TΔS0, and the indicated values ΔH0 and ΔS0, the temperature dependence of the Gibbs energy ΔG (T) for Reaction (1) is described by Expression (4)


ΔG (T) = ΔH0 − TΔS0 = −32.0 − 0.4726T



(4)







A similar calculation, but using the known experimental values for B3H6N3 (liq), O2 (gas) and H2O (gas), gives the standard thermodynamic parameters of Reaction (2) ΔH0 = 15.4 kJ∙mol−1, ΔS0 = 731.6 J∙mol∙K−1, ΔG0 = −204.2 kJ∙mol−1 (see Supplementary Materials) and temperature dependence ΔG (T) (5)


ΔG (T) = ΔH0 − TΔS0 = 15.4 − 0.7316T



(5)







As is easy to see from the given data, according to the results of the calculation by the G4 method, Reaction (1) is exothermic, but with only a small release of thermal energy, while Reaction (2) is endothermic, but with a small absorption of thermal energy. However, in both the first and second variants, it is accompanied by a very significant increase in the entropy of the reaction system. A direct consequence of these two factors is that, in principle, both Reaction (1) and Reaction (2)—as can be easily calculated from Formulas (4) and (5)—can proceed at least starting from T = 22 K, i.e., even at very low temperatures. Since the values of ΔG (T) for this reaction decrease with increasing temperature, therefore, it can and should be carried out under standard conditions (by the way, this possibility is directly indicated by the negative values of ΔG0 equal to (−172.7) kJ∙mol−1 and (−204.2) kJ∙mol−1 presented above). In this way the synthesis of triboron trinitride (at least its most thermodynamically stable form B3N3 (I)) using Reaction (1) or Reaction (2) seems to be quite realistic. It only remains to carry out this synthesis experimentally. As for the other six modifications, it is easy to show that for each of them the value of ΔG0 in Reactions (1) and (2) is positive, so that under standard conditions none of them can be obtained (although in principle it remains possible to obtain them at high temperatures, since both of these reactions in any case proceed with an increase in the entropy of the reaction system).




4. Conclusions


As can be seen from the aforementioned, the presented data of quantum chemical calculations using the CCSD (T) functional and the 6-311++G(df,p) basis set confirm the possibility of the existence of seven different modifications of triboron trinitride B3N3; any minima on the potential energy surface of this compound corresponding to other molecular structures (including acyclic ones) are not detected. At the same time, the most energetically favorable among them is a structure in the form of a distorted hexagon with a regular (every atom) alternation of boron and nitrogen atoms and the largest number of symmetry elements (point group D3h), while other structures have, comparatively, a significantly higher total energy (400 kJ∙mole−1 and more). Despite this, all these seven compounds are, in principle, capable of independent existence as isolated molecules. Although none of the modifications of B3N3 can in principle be obtained by direct interaction of boron and nitrogen, at least one of them, the most stable modification indicated above, can be obtained as a result of the oxidation reaction of borazine with molecular oxygen in the gas or liquid phase and, perhaps, even under standard (i.e., relatively soft) conditions.
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Figure 1. Structural formula of borazine. 
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Figure 2. The possible structures of cyclic B3N3 molecules. 
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Figure 3. The images of seven theoretically possible modifications of boron–nitrogen compound having B3N3 composition according to data of quantum-chemical calculation with using CCSD(T)/6-311++G(df,p) method: (I)—B3N3 (I), (II)—B3N3 (II), (III)—B3N3 (III), (IV)—B3N3 (IV), (V)—B3N3 (V), (VI)—B3N3 (VI), (VII)—B3N3 (VII). 






Figure 3. The images of seven theoretically possible modifications of boron–nitrogen compound having B3N3 composition according to data of quantum-chemical calculation with using CCSD(T)/6-311++G(df,p) method: (I)—B3N3 (I), (II)—B3N3 (II), (III)—B3N3 (III), (IV)—B3N3 (IV), (V)—B3N3 (V), (VI)—B3N3 (VI), (VII)—B3N3 (VII).



[image: Quantumrep 04 00025 g003]







[image: Table] 





Table 1. Geometric parameters of the molecular structure of isomeric B3N3 molecules calculated by using CCSD(T)/6-311++G(df,p) method.
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Molecule B3N3 (I)




	
Bond Lengths, pm

	
Bond Angles, deg






	
(N1B1)

	
136.5

	
(N1B1N2)

	
151.8




	
(B1N2)

	
136.5

	
(B1N2B3)

	
88.2




	
(N2B3)

	
136.5

	
(N2B3N3)

	
151.8




	
(B3N3)

	
136.5

	
(B3N3B2)

	
88.2




	
(N3B2)

	
136.5

	
(N3B2N1)

	
151.8




	
(B2N1)

	
136.5

	
(B2N1B1)

	
88.2




	
Selected torsion (dihedral) angles, deg




	
(N1B1N2B3)

	
−0.4

	
(B1N2B3N3)

	
0.4




	
(N1B1B3B2)

	
0.0

	
(B1N1N3N2)

	
0.0




	
Molecule B3N3 (II)




	
Bond lengths, pm

	
Bond angles, deg




	
(N1B1)

	
136.3

	
(N1B1N2)

	
151.3




	
(B1N2)

	
138.1

	
(B1N2N3)

	
89.6




	
(N2N3)

	
135.4

	
(N2N3B3)

	
156.8




	
(N3B3)

	
129.5

	
(N3B3B2)

	
88.0




	
(B3B2)

	
158.7

	
(B3B2N1)

	
142.8




	
(B2N1)

	
134.6

	
(B2N1B1)

	
91.5




	
Selected torsion (dihedral) angles, deg




	
(N1B1N3B2)

	
0.0

	
(N1B1N2B2)

	
0.0




	
(N1B2B3B1)

	
0.0

	
(B1N2N3N1)

	
0.0




	
Molecule B3N3 (III)




	
Bond lengths, pm

	
Bond angles, deg




	
(N1B1)

	
131.4

	
(N1B1B3)

	
87.4




	
(B1B3)

	
154.5

	
(B1B3B2)

	
121.2




	
(B3B2)

	
157.1

	
(B3B2N2)

	
123.8




	
(B2N2)

	
133.5

	
(B2N2N3)

	
115.2




	
(N2N3)

	
134.6

	
(N2N3N1)

	
107.3




	
(N3N1)

	
130.5

	
(N3N1B1)

	
164.9




	
Selected torsion (dihedral) angles, deg




	
(N1B1N2B2)

	
−1.7

	
(B1N1N2B2)

	
−2.3




	
(N1B1B3B2)

	
−2.9

	
(B1N1N3N2)

	
−9.7




	
Molecule B3N3 (IV)




	
Bond lengths, pm

	
Bond angles, deg




	
(N1B3)

	
134.2

	
(N1B3B2)

	
150.0




	
(B3B2)

	
163.7

	
(B3B2N3)

	
128.3




	
(B2N3)

	
132.8

	
(B2N3B1)

	
80.4




	
(N3B1)

	
142.1

	
(N3B1N2)

	
154.4




	
(B1N2)

	
132.3

	
(B1N2N1)

	
126.3




	
(N2N1)

	
154.7

	
(N2N1B3)

	
75.0




	
Selected torsion (dihedral) angles, deg




	
(N1B3B2N3)

	
10.4

	
(N2B1N3B2)

	
7.3




	
(N1B3B2B1)

	
15.7

	
(N1N2B1N3)

	
−33.0




	
Molecule B3N3 (V)




	
Bond lengths, pm

	
Bond angles, deg




	
(N1B2)

	
153.1

	
(N1B3N3)

	
102.1




	
(B2N3)

	
135.6

	
(B3N3B2)

	
74.6




	
(N3B1)

	
147.4

	
(N3B2N1)

	
111.3




	
(B1N2)

	
148.4

	
(B2N1B3)

	
71.6




	
(N2B3)

	
153.9

	
(N2B3N3)

	
101.7




	
(B3N1)

	
150.5

	
(B3N3B1)

	
74.5




	
(B3N3)

	
156.0

	
(N3B1N2)

	
108.7




	

	

	
(B1N2B3)

	
74.9




	

	

	
(N1B3N2)

	
82.2




	

	

	
(B2N3B1)

	
73.3




	
Selected torsion (dihedral) angles, deg




	
(N1B3N3B2)

	
−5.2

	
(N1N2B1B2)

	
1.0




	
(N2B3N3B1)

	
2.7

	
(N1N3N2B3)

	
−54.0




	
(N3N1B3N2)

	
−100.4

	
(B3B2N3B1)

	
78.1




	
(N1B3N2B1)

	
98.1

	
(N2N3N1B2)

	
−95.8




	
Molecule B3N3 (VI)




	
Bond lengths, pm

	
Bond angles, deg




	
(N1B2)

	
149.8

	
(N1B2B1)

	
72.1




	
(B2B1)

	
169.2

	
(B2B1N3)

	
100.7




	
(B1N3)

	
146.6

	
(B1N3N1)

	
78.4




	
(N3N1)

	
151.3

	
(N3N1B2)

	
108.0




	
(N1B3)

	
149.7

	
(N1B3N2)

	
95.8




	
(B3B2)

	
171.8

	
(B3N2N3)

	
86.8




	
(N3N2)

	
164.9

	
(N2N3N1)

	
87.2




	
(N2B1)

	
156.6

	
(N3N1B3)

	
90.1




	
(N2B3)

	
144.5

	
(N2B1B2)

	
102.8




	

	

	
(B1B2B3)

	
69.7




	

	

	
(B2B3N2)

	
106.9




	

	

	
(B3N2B1)

	
80.5




	

	

	
(N1B3B2)

	
55.0




	

	

	
(B3B2N1)

	
55.0




	

	

	
(B2N1B3)

	
70.0




	

	

	
(N3B1N2)

	
65.8




	

	

	
(B1N2N3)

	
54.2




	

	

	
(N2N3B1)

	
60.0




	
Selected torsion (dihedral) angles, deg




	
(N1B2B1N3)

	
6.1

	
(B1N1N2N3)

	
−70.2




	
(N1B3N2N3)

	
−2.3

	
(B2N1N2N3)

	
−118.8




	
(N2B1B2B3)

	
−2.8

	
(B3N1N2N3)

	
176.7




	
Molecule B3N3 (VII)




	
Bond lengths, pm

	
Bond angles, deg




	
(N1N3)

	
149.2

	
(N1N3N2)

	
63.1




	
(N3N2)

	
149.2

	
(N3N2B3)

	
73.3




	
(N2B3)

	
147.9

	
(N2B3B1)

	
140.9




	
(B3B1)

	
157.4

	
(B3B1B2)

	
66.4




	
(B1B2)

	
157.4

	
(B1B2N1)

	
140.9




	
(B2N1)

	
147.9

	
(B2N1N3)

	
73.3




	
Selected torsion (dihedral) angles, deg




	
(N2B3B1B2)

	
−24.3

	
(N1N2B3B1)

	
20.5




	
(N1B2B1B3)

	
24.3

	
(N1N2B3B2)

	
0.1




	
(B1N1N3N2)

	
−90.8

	
(N3B1B2B3)

	
−52.3




	
(B2N1N3N2)

	
−104.6

	
(B3N2N3N1)

	
104.6
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Table 2. Relative total energies of B3N3 molecules in gas phase calculated with using CCSD(T)/6-311++G(df,p) method.
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	Compound
	Total Energy, Hartree
	Relative Total Energy, kJ∙mole−1





	B3N3 (I)
	−238.347767
	0.0



	B3N3 (II)
	−238.192298
	409.6



	B3N3 (III)
	−238.062655
	752.3



	B3N3 (IV)
	−238.169862
	470.3



	B3N3 (V)
	−238.124054
	588.8



	B3N3 (VI)
	−238.047742
	788.7



	B3N3 (VII)
	−238.005818
	900.0
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Table 3. NBO analysis data of various modifications of B3N3 according to CCSD(T)/6-311++G(df,p) method data.
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Compound

	
The Charges on the Atoms, in Electron Charge Units (ē)




	

	
N1

	
N2

	
N3

	
B1

	
B2

	
B3






	
B3N3 (I)

	
−1.19049

	
−1.19062

	
−1.19040

	
+1.19069

	
+1.19015

	
+1.19067




	
B3N3 (II)

	
−1.18894

	
−0.73637

	
−0.44979

	
+1.20616

	
+0.79351

	
+0.37543




	
B3N3 (III)

	
−0.45135

	
−0.63555

	
−0.03730

	
+0.48064

	
+0.66080

	
−0.01723




	
B3N3 (IV)

	
−0.53902

	
−0.77371

	
−1.04131

	
+1.05055

	
+0.73557

	
+0.56792




	
B3N3 (V)

	
−0.61776

	
−0.61806

	
−1.03235

	
+0.73432

	
+0.73354

	
+0.80030




	
B3N3 (VI)

	
−0.74180

	
−0.75310

	
−0.29335

	
+0.63671

	
+0.35787

	
+0.79367




	
B3N3 (VII)

	
−0.34059

	
−0.34113

	
−0.27877

	
−0.00824

	
+0.48370

	
+0.48503
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Table 4. Standard thermodynamic parameters of formation of B3N3 molecules in gas phase calculated with using G4 method.
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	Compound
	ΔfH0, kJ∙mol−1
	S0, J∙mol−1∙K−1
	ΔfG0, kJ∙mol−1





	B3N3 (I)
	192.1
	306.8
	191.0



	B3N3 (II)
	597.6
	314.2
	594.2



	B3N3 (III)
	929.3
	326.0
	922.4



	B3N3 (IV)
	662.1
	329.9
	654.0



	B3N3 (V)
	785.1
	311.0
	782.6



	B3N3 (VI)
	985.7
	308.6
	984.0



	B3N3 (VII)
	1092.8
	318.5
	1088.1
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Table 5. Standard thermodynamic parameters of formation of compounds participating in Reaction (1), calculated by G4 method. By italics in brackets () indicate the experimental values [48].
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	Compound
	ΔfH0, kJ∙mol−1
	S0, J∙mol−1∙K−1
	ΔfG0, kJ∙mol−1





	B3H6N3 (gas)
	−513.7
	329.1
	−404.8



	B3H6N3 (liq)
	(−541.0)
	(199.6)
	(−392.7)



	O2 (gas)
	2.0 (0)
	222.0 (205.2)
	−3.1 (0)



	B3N3 (I) (gas)
	192.1
	306.8
	191.0



	H2O (gas)
	−239.6 (−241.8)
	197.2 (188.8)
	−228.9 (−228.6)
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