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Abstract
Context   Inmodern searches for the structure of high-energy-density compounds with highoperational, detonation,and 
physicochemical characteristics, a special place belongs to salts, whichhave a numberof significant advantages over neutral 
compounds. The development of this areaof HEDMis hampered by the lack of effective calculation schemes for estimating 
theenthalpy of  formationDHf

0 of salts, as a key parameter in assessing theprospects for their use. Based on the author’smethod 
(MICCM), which is superior in accuracy to currently availablecalculation methods,the enthalpies of formation of various 
salts of nitrates and perchlorates for apromising classof high-energy amino-1,2,4-triazoles are calculated and the accuracy 
ofcalculations is estimatedby other methods. Relationships between the thermochemical characteristics ofsalts dependingon 
various cations are considered. Among the considered compounds, calculationsof theenthalpies of salts of three amino-1,2,4-
triazoles showed a significantdiscrepancy with the experimentaldata.
Methods CalculationsDHf

0of salts were performed using three methods: volume-basethermodynamic (Jenkins/Bartlett-
method), the method of adding of ions contributions (MAIC, Matyushin’s method),and the method of ions and cocrystals 
contribution mixing (MICCM, Khakimov’s method).Calculations by the MICCM method were carried out on the basis of 
quantum chemistrymethods (when estimating the enthalpies of formation in the gas phase) and the methodof atom-atom 
potentials (AAP) when calculating the enthalpy of sublimation ofsalts. We haveoptimized all the structures in the gas 
phase using the Becke three hybridexchange and Lee-Yang-Parrcorrelation functional with Grimme’s dispersion correction, 
B3LYP-D2, and aug-cc-pVDZbasis set using the Gaussian16 software. The AAP calculations were performedusing theFit-
MEP software packages (for adjusting the charges of the molecularelectrostatic potential) andPMC (for the procedure for 
constructing crystal packings and searching foroptimal ones).

Keywords Atom–atom potentials method · Crystal structure prediction · Nitrates · Perchlorates · Amino-1,2,4-triazoles

Introduction

The desire to create an “ideal structure” of high-energy 
compounds with high performance, detonation, and phys-
icochemical characteristics is always relevant for researchers 
in this field of science. Therefore, the search for the struc-
ture of new promising high-energy compounds does not 
stop [1–4]. In this regard, salts should be noted, since they 
have a number of advantages over neutral compounds. For 
example, they have a lower vapor pressure, a higher density 
of molecular crystals, and their structure can be varied by 

changing different ions inside the salts [5–7]. As a rule, in 
the synthesis of high-energy compounds, salts of nitric and 
perchloric acids are considered among the first because of 
the high oxygen content in them.

When evaluating the prospects for using the resulting 
salts, an important task is to determine their thermochemi-
cal properties, especially the enthalpy of formation (ΔHf

0). 
This problem can be solved using computer simulations or 
experimental methods, for example, using combustion calo-
rimetry. However, the determination of the effectiveness of 
a substance and, above all, the enthalpy of formation before 
the stage of its synthesis ensures the expediency of its crea-
tion. In this regard, the development of computational meth-
ods with a high accuracy of estimating ΔHf

0 of compounds 
is relevant, since it is the enthalpy of formation that sig-
nificantly affects the assessment of performance properties.
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For this reason, the purpose of this work was a com-
parative analysis of the quality of calculation methods in 
assessing the enthalpies of formation for various nitrate 
and perchlorate salts and, on this basis, the estimation 
of ΔHf

0 for the salts of a promising class of high-energy 
amino-1,2,4-triazoles.

Methods

As is known, the most commonly used calculation scheme 
is called volume-base thermodynamic (Jenkins/Bartlett 
method) [8, 9]. The VBT method is based on the depend-
ence of the enthalpy of sublimation on the molecular vol-
ume of the salt, calculated as the sum of the molecular 
volumes of the constituent ions of the salt. In this method, 
the dependence of the lattice energy  (Elattice =  −  UPOT) on 
the salt molecular volume  (Vmol) can be expressed by the 
equation:

Subsequently, the lattice energy  Elattice is converted into 
the enthalpy of sublimation ΔHsubl(salt), and the enthalpy of 
salt formation is estimated by the equation:

(1)Elattice=−UPOT=−2

[

α
(

Vmol

)−1∕3
+ β

]

The corresponding coefficients and the complete calcula-
tion procedure are given in the original work [9].

Another lesser known method is the method of adding of 
ions contributions (MAIC, Matyushin’s method), developed 
at the Institute of Chemical Physics of the Russian Academy 
of Sciences by Dr. Yu. Matyushin [10]. In this method, the 
ΔHf

0 value of the salt is obtained by adding the correspond-
ing values of the anion (ΔHan) and the cation (ΔHcat):

The basis of this additive method is an integrated thermo-
chemical cycle, which leads to the division of the enthalpy 
of salt formation into anionic and cationic parts. Table 1 lists 
some of the ionic contributions.

So, according to this method (Eq. (3)) ammonium nitrate 
has a calculated value of the enthalpy of formation in the 
solid phase equal to 69.75 − 157.12 =  − 87.37 kcal  mol−1. The 
experimental value is − 87.38 kcal  mol−1 (Table 2). In general, 
the error of this method when calculating the enthalpies of 
salt formation does not exceed 1–2 kcal  mol−1; however, the 
application of the method is limited to the values given in the 
original article for 20 cations and 20 anions [10].

The recently developed new method for estimating the 
enthalpies of salt formation—the method of ions and cocrys-
tals contribution mixing (MICCM, Khakimov’s method) 
[11] is based on fundamentally different provisions than the 
VBT and MAIC methods, it is an ab initio method and there-
fore allows you to perform an alternative assessment of the 
quality of calculations specified methods.

The method is based on relationships similar to Eq. (2), 
except that it is applied to both the neutral and ionic form, 
and then the value is averaged. So for the cation  [AH]+ and 
anion  [B]− and neutral molecules [A] and [HB] the depend-
ence will look like:

Each part in Eq. (4) is calculated by (2):

The composition of the salt is not important and may be 
different from the 1:1 ratio.

The gas components of Eqs. (5) and (6) are calculated using 
quantum chemical calculation methods, based on atomization 
energies and various composite methods [12–14] (we used the 
Gaussian09 software package [15] for this purpose).

(2)ΔHf0(solid) = ΔHf0(gas) − ΔHsubl(salt)

(3)ΔHf
0(solid) = ΔHcat + ΔHan

(4)ΔHf(salt) = 0.5
∗(ΔHf ([AH]

+[B]−) + ΔHf ([A][HB]))

(5)

ΔHf
0
(

[AH]+[B]−
)

= ΔHf
0
(

gas[AH]+
)

+ ΔHf
0(gas[B]−)

− ΔHsubl

(

[AH]+[B]−
)

(6)
ΔHf

0([A][HB]) = ΔHf
0(gas[A]) + ΔHf

0(gas[HB])

− ΔHsubl([A][HB])

Table 1  Some example of the contributions of ionic components 
(ΔHan and ΔHcat, kcal  mol−1) in the enthalpy of salt formations

Cation [GH]+ [NH4]+ [N2H5]+ [AGH]+ [TAGH]+

ΔHcat 65.18 69.75 98.65 91.34 145.70
Anion [N3]− [N(NO2)2]− [ClO4]− [Cl]− [NO3]−

ΔHan  − 40.85  − 101.91  − 140.43  − 144.15  − 157.12

Table 2  Experimental values of the formation enthalpies (ΔHf
0(solid), 

kcal  mol−1) of organic and inorganic salts of nitrates and perchlorates

GH Guanidinium, AGH Aminoguanidinium, TAGH Triaminoguani-
dinium

Cations [NO3]−, kcal  mol−1 [ClO4]−, kcal 
 mol−1

Δ, kcal  mol−1

[Ag]+  − 29.73  − 7.43 22.3
[K]+  − 118.13  − 103.37 14.76
[Na]+  − 111.78  − 91.48 20.3
[Li]+  − 115.46  − 91.45 24.11
[NH4]+  − 87.38  − 70.69 16.69
[N2H5]+  − 58.86  − 42.87 15.99
[NO2]+  − 10.29 8.89 19.18
[NH3OH]+  − 87.0  − 66.5 20.5
[GH]+  − 92.48  − 74.1 18.38
[AGH]+  − 66.62  − 45.77 20.85
[TAGH]+  − 12.01 8.68 20.69
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The enthalpies of sublimation of  [AH]+[B]− salts and [A]
[HB] cocrystals were estimated by us by the correspond-
ing predictive modeling of crystal lattices according on the 
atom–atom potentials method and the methodology pre-
sented in [16–20], but, of course, other methods can be used 
for these purposes. The basis of the method is the division of 
the atom–atom potential interactions into van der Waals and 
electrostatic components, followed by summation and minimi-
zation. For the fitting of charges for electrostatic interaction, 
program FitMEP [16] was used, and for the procedure for con-
structing crystalline packings, program PMC [17]. The form 
of interaction is chosen in the form of potentials “6–12” [21]:

For Z′ = 2, eleven space groups  (P21/c,  P212121, P-1,  P21, 
Pbca, C2/c,  Pna21,  Pca21, Cc, C2, P1) cover almost 95% of 
the known structures of this type (organic cocrystals and 
salts) [22]. These groups were used in the calculations. Tech-
nical details of the calculations are given in the Supplemen-
tary Information (SI) section.

To evaluate the accuracy of the methods mentioned above 
in estimating the enthalpy of formation for perchlorates and 

(7)UA−A = −
A

r

6

+
B

r

12

+ q
1
q
2
∕r

nitrates, we used the NIST database [23] and other experimen-
tal studies [24–27] on the determination of the enthalpies of 
salt formation and collected in Table 2 different cation values.

The average value of the difference between the enthalp-
ies of formation for perchlorates and nitrates ΔHan(ClO4) −  
ΔHan(NO3) from Table 2 is 19.43 kcal  mol−1, which is quite 
close to the value according to the MAIC method (Table 1):

ΔH
an

(

ClO
4

)

− ΔH
an

(

NO
3

)

= −140.43 + 157.12 = 16.69 kcal mol
−1  

Depending on the data source, the tabular values may 
differ slightly from each other, which leads to an almost 
imperceptible change in the average value, which deter-
mines the applicability of estimating the enthalpies of for-
mation by additive methods.

Earlier this position was noted for nitrates and salts 
of dinitramic acid [24, 28] in the form ΔHan(N(NO2)2) −  
ΔHan(NO3) = 55 kcal  mol−1, which also follows from the 
MAIC method:

ΔH
an

(

N
(

NO
2

)

2

)

− ΔH
an

(

NO
3

)

= −= − 101.91 + 157.12 = 55.21 kcal mol
−1  

Results and discussion

Based on the methodology and results for nitrate salts 
obtained by us in [11], the enthalpies of formation for a num-
ber of organic and inorganic salts of perchlorates were esti-
mated (Table 3). As can be seen from this table, the enthalpies 
of formation agree fairly well with the experimental values.

Due to the existing limitations on the atomic composi-
tion (the set of atom–atom potentials is limited by C, H, N, 
O atoms), when determining the enthalpies of sublimation, 
the values for perchlorates in calculations by the MICCM 
method were taken from the estimate of nitrates by the 
MAIC method according to Eqs. (3) and (4).

It is clearly seen from Table 3 that the MAIC method gives 
excellent agreement with experiment within 1–2 kcal  mol−1. 
The MICCM values are somewhat worse and the differences 
from the experiment are up to 3–4 kcal  mol−1. However, 
the advantage is that you can get values for new salts and 
add values for ions using the MAIC method, since the num-
ber of available values for MAIC is very limited. The mean 
absolute errors for MICCM and MAIC from Table 3 are 
2.2 kcal  mol−1 and 0.96 kcal  mol−1, respectively.

Table 3  Calculated enthalpies of formation for organic and inorganic 
salts of nitrates and perchlorates

* Average value for  [DAGH]+ (diaminoguanidinium) for nitrate and 
dinitramide anion[11]

Cations Anions ΔHf
0(solid, kcal  mol−1)

VBT MICCM MAIC Exp

[NH4]+ [NO3]−  − 72.59  − 90.79  − 87.37  − 87.32
[NH4]+ [ClO4]−  − 64.32  − 74.1  − 70.68  − 70.53
[N2H5]+ [NO3]−  − 32.19  − 56.75  − 58.47  − 58.86
[N2H5]+ [ClO4]−  − 25.57  − 40.06  − 41.78  − 42.87
[GH]+ [NO3]−  − 70.91  − 94.54  − 91.94  − 92.48
[GH]+ [ClO4]−  − 66.04  − 77.85  − 75.25  − 74.1
[AGH]+ [NO3]−  − 43.38  − 66.85  − 65.78  − 66.62
[AGH]+ [ClO4]−  − 39.11  − 50.16  − 49.09  − 45.77
[DAGH]+ [NO3]−  − 15.0  − 36.97 – –
[DAGH]+ [ClO4]−  − 11.24  − 20.89* – –
[TAGH]+ [NO3]− 11.88  − 8.39  − 11.42  − 12.01
[TAGH]+ [ClO4]− 15.21 8.3 5.27 8.68

Fig. 1  The structure of the 
considered salts of amino-1,2,4-
triazoles
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The VBT method gives a significant difference from 
the experimental values, which for nitrates is about 
15–20 kcal  mol−1 or more, depending on the method for cal-
culating the molecular volume (in Table 3, method CBS-4M, 
Monte-Carlo DFT/6-31G(d,p)).

Note that the value for the enthalpy of formation 
(MICCM) of diaminoguanidinium perchlorate was predicted 
for the first time.

Convinced of the reliability of calculations by the MICCM 
and MAIC methods, we estimated the values of the enthalpies 
of formation of salts of amino-1,2,4-triazoles, for which there 
were experimental data on the enthalpies of formation of their 
nitrates and perchlorates [29] (Fig. 1). In [30], the same authors 
presented other values, which are also included in Table 4.

Three methods were used to estimate the enthalpy of for-
mation in gas in Eq. (2) for VBT and Eqs. (5) and (6) for 
MICCM: CBS-4M, CBS-QB3, G3B3 [13, 14].

It is known [31] that Gn methods are more accurate than 
CBS, but require much more computational resources. 

Methane, ethane, benzene, ammonia, hydrazine, and water 
were chosen to evaluate the quality of quantum chemical 
methods for the test set when calculating the enthalpy of 
formation in gas. The average deviation of the calculated 
absolute values from the experimental ones for CBS-4M, 
CBS-QB3, and G3B3 was 2.08 kcal  mol−1, 0.76 kcal  mol−1, 
and 0.52 kcal  mol−1, respectively. The largest error in CBS-
4M calculations corresponds to aromatic compounds. As 
stated above from [31] and our test set calculations, we chose 
the G3B3 method as the most accurate.

The enthalpies of formation were calculated according to 
two schemes: by direct calculations using the energy atomiza-
tion method and using isodesmic reactions (Table 4). The lat-
ter method was used to rule out systematic errors. In total, six 
isodesmic reactions were considered for cations (R′ = H,  CH3) 
and neutral aminotriazoles (R′ = H,  CH3). Isodesmic reactions 
for cations are presented in Scheme 1. The scheme for neutral 
compounds is not shown due to the identity of the reactions.

Unlike VBT, for MICCM it is necessary to calculate the 
neutral complex in the gas phase and therefore, similarly 
to Scheme 1, the enthalpies of formation in gas for neutral 
aminotriazoles, as well as for the corresponding isodesmic 
reactions, were calculated using the experimental data of the 
compounds involved in isodesmic reactions: ammonia, hydra-
zine, methane, methylamine, and 1H-1,2,4-triazole (Table 4).

An algorithm for calculating the enthalpies of forma-
tion based on isodesmic reactions and “direct” quantum 
chemical methods, as well as information on modeling the 
crystal structure of the compounds under consideration, are 
presented in the SI. In Tables 4 and 5, DM corresponds to 
calculations by the direct method, and IM1 by the method 
of isodesmic reactions for R′ = H and IM2 for isodesmic 
reactions with R′ =  CH3.

Table 4  Enthalpies of formation for cations [R-triazolium]+ in gas 
phase by direct and isodesmic methods (kcal  mol−1)

R Method CBS-4M CBS-QB3 G3B3

1-NH2 DM 219.89 219.45 221.06
IM1 221.71 221.43 222.8
IM2 220.53 219.97 221.36

3-NH2 DM 192.76 191.02 192.32
IM1 191.06 190.86 192.25
IM2 190.23 189.92 191.22

4-NH2 DM 225.2 224.22 225.73
IM1 226.17 225.88 227.26
IM2 225.34 224.7 226.07

Scheme 1  Isodesmic reactions 
for cations of amino-1,2,4-
triazoles
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One can see almost complete identity of the values of 
the enthalpies of formation in the gas phase for cations and 
for neutral aminotriazoles calculated both by direct and 
isodesmic methods. The obtained values of CBS-4M and 
G3B3 are also quite close to each other.

An alternative way to check the obtained value of the for-
mation enthalpy of 3-amino-1,2,4-triazole in the gas phase 
is to solve the inverse problem according to Eq. (2). The 
enthalpy of formation of 3-amino-1,2,4-triazole in the solid 
phase is known [32] and is equal to 18.36 kcal  mol−1. We 
simulated its crystal structure and determined the enthalpy 
of sublimation, which turned out to be 27.7 kcal  mol−1. 
Thus, it is definitely possible to estimate the enthalpy of 
this compound in the gas phase as 46.06 kcal  mol−1, which 
corresponds to the correctness of quantum chemical calcula-
tions (40.68–45.29 kcal  mol−1).

The performed calculations indicate that a possible error in 
determining the “gas part” of Eqs. (2), (5), and (6) is excluded.

Tables 6 and 7 show the formation enthalpies of nitrates 
and perchlorates for 1-amino, 3-amino, and 4-amino-1,2,4-
triazoles, obtained by the VBT and MICCM methods. The 

direct method for estimating the enthalpies in the gas phase 
by various methods of quantum chemistry was used in the 
calculations.

The strong difference between the given values of the enthal-
pies of formation for compounds 1, 3, 4, and 6 is striking.

It should be noted that the VBT method overesti-
mates the MICCM + MAIC method by an average of 
23 kcal  mol−1 for nitrates and 13 kcal  mol−1 for perchlo-
rates, depending on the calculation method used for the gas 
phase. There are known deviations of the results obtained 
by the VBT method from the experimental values of more 
than 150 kcal  mol−1 [33].

The difference between the experimental values for 
nitrates 1 and 3 from the MICCM (G3B3) values is 
13.5 kcal  mol−1 and − 23.5 kcal  mol−1 for the data from 
[29], and 22.6  kcal   mol−1 and 21.2  kcal   mol−1 for the 
data from [30], respectively. For 2, the difference is only 
2.8 kcal  mol−1. For salts 1 and 3, the difference is significant 
and often with the opposite sign.

The difference between the given experimental val-
ues [29] for nitrates and perchlorates of 1-amino and 
4-amino-1,2,4-triazoles is:

ΔHf
0(4) − ΔHf

0 (1) = ΔHan(ClO4) − ΔHan(NO3) = 77.05 
kcal mol.−1

ΔHf
0(6) − ΔHf

0 (3) = ΔHan(ClO4) − ΔHan(NO3) = 97.57 
kcal mol.−1

Such a difference in the enthalpies of formation for perchlo-
rates and nitrates strongly disagrees with the MAIC value of 
16.69 kcal  mol−1 and, in our opinion, the values of the enthal-
pies of formation of salts of amino-1,2,4-triazoles should be 
revised.

Crystal packings with minimum lattice energies for salts 1 
and 2 with space groups P-1 and  Pca21 are shown in Fig. 2. 
We did not find experimental X-ray diffraction data for these 
compounds.

Table 5  Enthalpies of formation for neutral R-triazoles of gas phase 
by direct and isodesmic methods (kcal  mol−1)

R Method CBS-4M CBS-QB3 G3B3 Exp

1-NH2 DM 66.78 68.54 70.12 –
IM1 69.0 70.77 72.1 70.97
IM2 67.24 69.07 70.45 –

3-NH2 DM 42.83 42.82 43.89 –
IM1 42.09 43.94 45.29 44.07
IM2 40.68 42.41 43.65 –

4-NH2 DM 78.28 79.38 80.66 –
IM1 79.39 81.16 82.49 81.36
IM2 78.33 79.82 81.02 –

Table 6  Enthalpies of formation 
for [R-triazolium]+[NO3]− by 
different methods (kcal  mol−1)

# R Exp VBT MICCM

CBS-4M CBS-QB3 G3B3 CBS-4M CBS-QB3 G3B3

1 1-NH2 8.28 [29]
17.41 [30]

13.39 10.51 14.75  − 6.38  − 9.21  − 5.25

2 3-NH2  − 40.9 [10]  − 14.71  − 18.9  − 14.96  − 42.87  − 47.25  − 43.7
3 4-NH2  − 26.24 [29]

18.42 [30]
18.65 15.23 19.38  − 3.06  − 6.5  − 2.73

Table 7  Enthalpies of formation 
for [R-triazolium]+[ClO4]− by 
different methods (kcal  mol−1)

# R Exp VBT MICCM + MAIC

CBS-4M CBS-QB3 G3B3 CBS-4M CBS-QB3 G3B3

4 1-NH2 85.33 [29]
30.27 [30]

19.61 16.73 20.97 10.31 7.48 11.44

5 3-NH2 –  − 8.28  − 12.46  − 8.53  − 26.18  − 30.56  − 27.01
6 4-NH2 71.33 [29]

28.01 [30]
24.88 21.46 25.61 13.63 10.19 13.96
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However, the Cambridge Structural Database has an 
X-ray diffraction pattern for salt 3. The model packing 
with minimum energy  (P21/c) differs from the experimen-
tal one (group Cc). The minimum in the gas phase for 
the 4-amino-1,2,4-aminotriazolium cation corresponds to 
symmetry Cs where the amino group is perpendicular to 
the plane of the triazole ring. In the experimental struc-
ture, the amino group is somewhat rotated (~ 26°) relative 
to the plane of the ring with point group C1 (Fig. 3).

The difference between the lattice energy for the global mini-
mum structure and the packing observed in the experiment is 
about 5 kcal  mol−1. Taking into account the averaging of the 

ionic and neutral parts in Eq. (4), the difference is reduced to 
2.5 kcal  mol−1, which is quite acceptable for estimating the 
enthalpy of formation. A list of the 10 lowest energy polymorphs 
for each of the salt and the corresponding cocrystal is given in SI.

The paper [34] presents experimental data on the 
1-methyl derivative of compounds 4 and 6, for which the 
enthalpies of formation were obtained − 5.5 ± 2.4 kcal  mol−1 
for nitrate and 17.21 ± 4.3 kcal  mol−1 for perchlorate, respec-
tively. Without taking into account inaccuracies, the differ-
ence between perchlorate and nitrate is 11.71 kcal  mol−1 and, 
taking into account the maximum spread of 18.41 kcal  mol−1 
of the MAIC method, is well within its accuracy.

Fig. 2  Model crystal packings 
of 1 (left) and 2 (right)

Fig. 3  Experimental (left) and 
simulated model (right) of 
crystal packings of 3 
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We suggest using the following values to calculate cationic 
contributions for amino-1,2,4-triazoles: for 1-amino-1,2,4-
triazolium 151.87 kcal  mol−1, for 3-amino-1,2,4-triazolium 
113.42 kcal  mol−1 (116.22 kcal  mol−1 from [10]), and for 
4-amino-1,2,4-triazolium 154.39 kcal  mol−1. The enthalpies 
of formation for nitrate and perchlorate salts correspond to 
the MICCM (G3B3) values from Tables 6 and 7.

The article [35] presents experimental results on the 
enthalpies of combustion and formation of azobistetrazole-
1,1′-oxide salts. Among these salts are salts with guanidine 
and 4-amino-1,2,4-triazolium cations. On the basis of these 
two salts, we can carry out an additional verification of 
the correctness of our results, namely, to calculate the dif-
ference in their enthalpies of formation and calculate the 
contribution from 4-amino-1,2,4-triazolium. The enthalpy 
of formation of diguanidinium azobistetrazole-1,1′-oxides 
is 171.42 kcal  mol−1, and the enthalpy of formation of di-
4-amino-1,2,4-triazolium azobistetrazole-1,1′-oxides is 
348.37 kcal  mol−1. This means that the difference between 
the contributions from these two cations is (348.37 − 171.
42)/2 = 88.48 kcal  mol−1. Taking into account the value of 
the contribution of guanidinium 65.18 kcal  mol−1 (Table 1), 
we find that for 4-amino-1,2,4-triazolium this value will be 
about 65.18 + 88.48 = 153.66 kcal  mol−1. The value of this 
estimate coincides very closely with the value of our contri-
bution of 154.39 kcal  mol−1.

Below (Table 8) is a summary table for various salts 
of amino-1,2,4-triazoles using the obtained cationic 
contributions.

Conclusion

Thus, based on a combination of quantum chemistry meth-
ods and atom–atom potentials, the crystal structure for 
sets of salts of nitric and perchloric acids was simulated 
and their enthalpy of sublimation was estimated for sub-
sequent use in calculations the enthalpies of salt formation 
in the solid phase using the recently developed MICCM 
method. Relationships between the enthalpies of forma-
tion of salts of nitric and perchloric acids with the same 
cations are revealed. Using ammonium nitrate, hydrazine, 
and various aminoguanidines, the effectiveness of the three 
most commonly used methods for calculating the enthalp-
ies of salt formation is evaluated. The enthalpy of forma-
tion of diaminoguanidine perchlorate (− 20.89 kcal  mol−1) 

was obtained for the first time. For nitrates of 1-amino- and 
4-amino-1,2,4-triazoles, significant discrepancies between 
the calculated and experimental data were revealed. For the 
formation enthalpy of 3-amino-1,2,4-triazole nitrate, the 
results of the calculation by the MICCM + MAIC method 
correspond to the experimental results. Attention is drawn 
to the significantly overestimated experimental value of the 
enthalpies of formation for perchlorate salts of amino-1,2,4-
triazoles in comparison with the results of calculations per-
formed by all calculated methods, which calls into question 
the experimental data.
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