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Abstract: Heterocyclic aromatic compounds containing various derivatives of five
or six-membered nitrogen-containing rings, viz. triazoles, tetrazoles, furazans,
triazines, and tetrazines, and some of their salts have been studied. High nitrogen
content and a large positive heat of formation are two important properties of
these compounds. Two new models are introduced for the reliable prediction
of the thermal stability of these compounds through the thermal decomposition
temperature (onset). The reported data for 181 compounds have been used to derive
and test the new models. For a training set containing 132 heterocyclic aromatic
compounds, the values of the average absolute deviation (AAD) and the coefficient of
determination (R?) of the improved correlation were 9.72 K and 0.959, respectively.
For triazoles, tetrazoles, furazans, triazines, and tetrazines, the predicted results of
ADD and R? for the external test data set for this model containing 41 compounds
were 23.03 K and 0.664, respectively, which are closer to experimental data
than those obtained by the core correlation, i.e. 26.49 K and 0.653, respectively.
The correlation coefficients of cross-validation for leave-one-out (Q%.00) and
5-fold (Q%cv) of the improved correlation were 0.955 and 0.951, respectively,
which confirm that it is not an over-fitted model, robust and well-behaved.
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Supplementary Information (SI):

SI contains the Tables S1 and S2 (cited in this paper), and informative only
Table S3 (not cited), which contains an index of the names used in Tables S1
and S2. The molecular structures of the compounds mentioned in this paper,
heterocyclic aromatic compounds and some of their salts, are given in Tables S1
and S2, as well as the results of calculations for the training and test sets,
according to equations presented in this paper and taken from literature.

Nomenclature

AAD Average absolute deviation

AARD% Average absolute relative deviation

AD Average deviation

ADax Absolute maximum deviation

Chzide The presence of azide groups

C-=NNO, or ~C(=NH)-NH(NO,) The presence of >C=NNO, or —C(=NH)-

NH(NO,) groups

CN—N(NH)—C(NOZ) or N=N-NH-C(NO,) The presence of N*N(NH)*C(NOQ) or N=N-
NH-C(NO,) groups

CoNO, or CHINO,), or dinitroamide ion 1 € presence of ONO, or CH(NO,); or dinitroamide

ion groups
CI Confidence interval
CVv Cross-validation
DSC Differential Scanning Calorimetry

LOO Leave-one-out
LOO CV Leave-one-out cross-validation
MLR Multiple linear regression

ne The number of carbon atoms
Tfurazan The number of furazan rings
1y The number of hydrogen atoms
nN The number of nitrogen atoms

FINH,+CI-C(NO,)-C(NO,)+2(CuN+1.5SNONH; +3xitrotetrazolate salts of sodium or silver The sum of NH,,
CI-C(NO,)—C(NO,) and two times the number
of CuN bound and three times the number of
hydroxylammonium ions, as well as three times
the number of nitrotetrazolate salts of sodium
or silver ions
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NN orning, The number of NH or NHNH, groups

no The number of oxygen atoms

Q? The correlation coefficient of cross-validation

Q%00 The correlation coefficient of leave-one-out cross-validation
Q%cv The correlation coefficient of 5-fold cross-validation

QSPR Quantitative Structure-Property Relationship

R? The coefficient of determination

RMSE Root-mean-square error

SE Standard error

Ty Thermal decomposition temperature (onset) [K]

Taadd Additive contribution of some polar groups and furazan rings
T core The core thermal decomposition temperature [K]

T4 Elem The contribution of elemental composition

Tanonaada  The non-additive contribution of thermally active groups including
*ONOQ, *N3, *CH(NOz)z, and >C:NN02

" Correcting parameter for a large negative deviation of the core
correlation from the experimental data
Tiee Correcting parameter for a large positive deviation of the core

correlation from the experimental data

1 Introduction

Organic compounds containing energetic groups, and their salts, with a high-
energy content can ignite, decompose and detonate when exposed to various
stimuli such as heat, impact, friction, and electric spark [1-5]. Heat sensitivity of
these compounds shows the temperature at which their thermal decomposition
occurs, which can be used to estimate their thermal stability [2]. It can also be used
to assess the shelf life of these compounds because it is important in the safety
aspects of high energy compounds in storage, handling, and application [6-8].
Since the activation energy is an important parameter for the assessment of the
shelf life of energetic materials, some studies have been made to relate some
types of sensitivity to their activation energies [9, 10]. Different types of thermal
analysis methods including Differential Scanning Calorimetry (DSC) have been
widely used to determine thermal decomposition temperatures [2]. The thermal
decomposition temperature (onset) can be determined from the first deflection
from the baseline. It usually differs from the temperature at which the maximum
mass loss occurs [11].
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Different methods of Quantitative Structure-Property Relationship (QSPR)
have been widely used in recent years to predict the heat of thermal decomposition
and temperature of organic compounds, ionic liquids, and salts containing energetic
groups [12-21]. Most of these approaches used effective elemental composition,
functional groups and molecular moieties, rather than using complex
descriptors and computer codes. The ability to predict thermal properties,
in particular, the thermal decomposition temperature(onset) (7,) through the
molecular structure, is of ultimate importance because the reported values
of T, are usually higher than the other types of decomposition temperatures,
e.g. temperature of maximum mass loss [11]. Thus, it is valuable to have
reliable methods that can be used for the prediction of 7, for a wide range
of energetic compounds.

Heterocyclic aromatic compounds and some of their salts, such as high
nitrogen containing materials, have been widely introduced in recent years as high
energy content organic compounds [22]. They usually have large positive heat
of formation, which can provide a high heat of combustion/detonation [23, 24].
Furthermore, they generate nitrogen gas as a major product with a relatively large
bond energy, i.e. 941 kJ/mol [25]. If heterocyclic aromatic compounds with high
density are used as high explosives, they can provide high detonation velocities,
pressures, temperatures, and Gurney energies [26]. The use of heterocyclic
aromatic compounds in the composition of propellants can also provide high
combustion performance [27].

The design and discovery of new energetic compounds with improved
thermodynamic stability, performance, and safety, before they are synthesized
is highly desirable for scientists and the chemical industry because reliable
predictive methods prevent investing enormous resources for compounds with low
decomposition temperatures [28]. Moreover, the development of these compounds
requires expensive and time-consuming synthesis and characterization loops [29].
Since many synthesis experiments yield little useful information, it is important
to assess the critical properties of energetic materials [30]. Due to the high-energy
content of heterocyclic aromatic compounds and their salts, it is important to
estimate their thermal decomposition temperatures as an important starting point
for evaluating their thermal stability [31].

The purpose of the present work was to introduce a general correlation for
predicting the thermal decomposition temperature (onset) of a wide range of
heterocyclic aromatic compounds and some of their salts. These compounds
included various derivatives of five or six-membered nitrogen-containing rings,
such as triazoles, tetrazoles, furazans, triazines, and tetrazines. A core
correlation is introduced based on a combination of the number of some
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elemental compositions and some specific functional groups. An improved
correlation is developed by considering some structural moieties through two
improving functions. For some of the azole derivatives, the predicted data of
two correlations are compared with the method of Zohari et al. [18], as the best
available model where it can be applied. The improved correlation may be used
as a simple predictive model with high reliability for a quick estimate of
the decomposition temperature (onset) of any desired heterocyclic aromatic
compound and some of its salts.

2 Development of the New Models

2.1 Experimental data for building and testing

The reported data of 181 heterocyclic aromatic compounds and some of their salts,
including sodium (or potassium), silver, hydroxylammonium, and dinitroamide
were used for the development of the new models, where these data were collected
by Zohari et al. [18] and Klapotke [4] from different sources. For azole-based
energetic compounds, Zohari et al. [18] used 115 and 30 compounds with different
molecular structures as the training and test sets, respectively. These data were also
used here to build and test the new models. The remaining data from other classes
of energetic compounds were added to the mentioned data. Thus, the training
and test data sets of the current study contain 132 and 49 heterocyclic aromatic
compounds, respectively. The measured data, as well as the molecular structures
of these heterocyclic aromatic compounds and some of their salts, in the training
and test sets, are given in Tables S1 and S2 (see SI), respectively.

2.2 Core correlation based on elemental composition and specific
polar groups

Predicting the thermal decomposition temperature (onset) of heterocyclic
aromatic compounds and their salts is very complex because it is important
to specify active factors for the initiation of decomposition. Previous studies
of the decomposition temperature of some classes of high-energy organic
and metal-organic frameworks have indicated that the contribution of some
elemental compositions is one of the important factors [16, 17, 19, 20, 32].
The presence of some functional groups can also increase or decrease the
temperature sensitivity of an energetic material. It was found that the presence
of -NH; and -NH- groups can decrease the sensitivity of some classes of organic
energetic compounds, e.g. nitroaromatic compounds, to the stimulus of impact,
electric spark, shock, and heat [2, 33-35]. The presence of amino groups exhibits
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an additive contribution to various stimuli. For example, 1,3,5-triamino-
2,4,6-trinitrobenzene (TATB) is more insensitive than 1,3-diamino-2,4,6-
trinitrobenzene (DATB) and 2,4,6-trinitroaniline (TNA) [36-38]. This situation
may be confirmed for the thermal decomposition temperatures of heterocyclic
aromatic compounds, e.g. the reported thermal decomposition temperature
of 1-(2-(5-amino-3-nitro-1H-1,2,4-triazol-1-yl)ethyl)-1H-tetrazol-5-amine,
with two amino groups, is higher (550 K) [39] than that for 1-(2-(3-nitro-
1H-1,2,4-triazol-1-yl)ethyl)-1H-tetrazol-5-amine, with one amino group
(528 K) [39]. Detailed studies of various substituents on heterocyclic
aromatic compounds have shown that the number of -NNH,NO,, 5-chloro-
3,4-dinitropyrazole, CuN (copper nitrogen bond), hydroxylammonium ion,
sodium ion, silver ion, and -NHNH,, in addition to —NH, and -NH— groups,
can increase the values of the thermal decomposition temperatures
in these compounds. It was found that the number of furazan rings could reduce
the thermal decomposition temperature. For example, the value of the thermal
decomposition temperature of 3,4-diaminofurazan is 518 K [4], which is close
to that of 3-(4-amino-1,2,5-oxadiazol-3-yl)-4-(4-nitro-1,2,5-oxadiazol-3-yl)-
1,2,5-oxadiazole (508 K) [4]. The presence of three furazan rings can prevent the
increasing insensitivity effect of the amino group in 3-(4-amino-1,2,5-oxadiazol-
3-yl)-4-(4-nitro-1,2,5-oxadiazol-3-yl)-1,2,5-oxadiazole. It was found that the
presence of —N3;, —ONO,, -NHNO,,-CH(NO,),, =NNO,, and 1, 1-dinitroethane
groups can decrease the value of the thermal decomposition temperature.
The influence of elemental composition, and the additive and non-additive
contributions of the mentioned groups, can be regressed for different quantities
using the multiple linear regression (MLR) method [40] to provide the largest
and the lowest values of the coefficient of determination (R?) and the root-mean-
square error (RMSE) as follows:

Ty core =490.2 + 33.21 T4 p1em + 24.63 T4 add — 52.82 T 4 Non-add (1)

where T core 18 the core thermal decomposition temperature (in K). There are three
descriptors in Equation 1, including Tygiem, Ta.add, aNd TyNon-ada. The parameter
T4riem shows the contribution of the elemental composition as:

T4 p1em = nc —0.3339n — 0.2878ny — 0.2637n0 2

where nc, nu, ny and no are the number of carbon, hydrogen, nitrogen, and
oxygen atoms. As seen in Equation 2, the coefficient of nc is positive, and is about
three times the coefficients of ny, nx, and no. Since the contributions of these other
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elements cannot improve the values of R? and RMSE, their contributions have
been neglected. Thus, it can be expected that a compound with a high content
of carbon atoms will show a higher decomposition temperature. For example,
4,8-bis(2,4,6-trinitrophenyl)-4H,8 H-bis([1,2,5]oxadiazolo)[3,4-b:3",4"-¢]
pyrazine, with molecular formula C,¢H4N,014, has the highest number of carbon
atoms and experimental decomposition temperature (688 K [4]) as compared to
the other heterocyclic aromatic compounds given in Tables S1 and S2 (see SI).
The parameter 7y aqq is the additive contribution of some polar groups and furazan
rings as:

T d,Add = nNH2+Cl—C(NOZ)—C(N02)+2(CuN+145NONH§)+3Xitrotetrazolate salts of sodium or silver +

0.97797x1 o nitvtt, — 0.912272urazan 3)

where FINH,+Cl-C(NO,)-C(NO,)+2(CuN+1.5NONH?)+3xitrotetrazolate salts of sodium or silver is the sum of NH,,
CI-C(NO,)-C(NO,) and two times the number of CuN bonds and three times
the number of hydroxylammonium ions, as well as three times the number of
nitrotetrazolate salts of sodium or silver ion; 7nw or Neng, 18 the number of NH or
NHNH; groups; #urazan s the number of furazan rings. As indicated in Equation 3,
the coefficients of TINH,+CI-C(NO,)-C(NO,)+2(CuN-+1.5NONH;)+3xitrotetrazolate salts of sodium or silver
and nnu or Nun, have positive values but ngumzan has a negative coefficient.
Thus, increasing the number of NH,, CI-C(NO,)-C(NO,), CuN, NONH3,
nitrotetrazolate salts of sodium or silver ion, NH and NHNH, groups can enhance
the thermal stability of the compounds. In contrast, an increase in the number of
furazan rings may generate thermal instability. The parameter 7gnon-aaa provides
the non-additive contribution of thermally active groups, including —ONO,, —Nj3,
—CH(NO,),, and >C=NNO; as:

T, d,Non-add = C’>C:NNOZ or -C(=NH)-NH(NO,) + 2v-ZOCVN—N(NH)—C(NOZ) or N=N-NH-C(NO,) +
1 . 1 7 1 CAzide + 1 03 7 C'ONOZ or CH(NO,), or dinitroamide ion (4)

where C>C:NN02 or —~C(=NH)-NH(NO,)» CN—N(NH)—C(NOZ) or N=N-NH-C(NO,)» Cazide and
CoNo, or CH(NO,), or dinitroamide ion ShOW the presence of the specified groups
or molecular fragments.

2.2 Improvement of the core correlation

A comparison of the predicted results from the training set by Equation 1
with experimental data of the decomposition temperatures shows that
the presence of some structural moieties and specific isomers may give
large deviations. The presence of these parameters can provide large positive
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or negative deviations. In contrast to melting point and the entropy of fusion
of heterocyclic aromatic compounds, there is no relation between these phase
change properties and decomposition temperatures because molecular symmetry
cannot affect the active site for decomposition [41, 42]. The effects of molecular
moieties for large positive or negative deviations by molecular moieties
can be explained by one example. The uses of Equations 1-4 for three compounds:
—  1-(2-(3-nitro-1H-1,2,4-triazol-1-yl)ethyl)-1H-tetrazol-5-amine
(Exp. =528 K [39]),
—  1-(2-(5-amino-3-nitro-1H-1,2,4-triazol-1-yl)ethyl)-1 H-tetrazol-5-amine
(Exp. =550 K [39]), and
—  1-(2-(5-nitro-2H-tetrazol-2-yl)ethyl)-1H-tetrazol-5-amine
(Exp. =507 K [39])
predicted decomposition temperatures of 500 (Dev=-28 K), 504 (Dev=—46 K),
and 468 K (Dev=-39 K), respectively. The predicted results of these compounds
showed negative large deviations as compared to the experimental data.
Thus, it is possible to adjust the estimated results of the core model by
a suitable correcting function because they have the following similar molecular
fragments (Scheme 1).

NH,
/Nﬁ/
N H,

\\N/N\C/C\
2

tetrazine or triazine
Scheme 1.

For azole derivatives, the positions of the nitrogen atoms with similar
substituents are important because the core correlation can predict the same result.
Forexample, 2,4-dinitro-1H-imidazole-1,5-diamine (Scheme 2, (a)) and 3,5-dinitro-
1H-pyrazole-1,4-diamine (Scheme2, (b)) show different decomposition
temperatures, i.e. Exp. =463 K [43] and Exp. = 514 K [44], respectively.
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NH,
O5N N
\ \>/N02 ON -
N / NO,
NH H,N
(a) (b)

Scheme 2.

The position of the substituents may give different decomposition
temperatures. For instance, the change of position of the amino groups in 5-nitro-
2H-1,2, 3-triazole-2,4-diamine (Scheme 3, (a)) and 4-nitro-1H-1,2,3-triazole-1,5-
diamine (Scheme 3, (b)) give different experimental values, i.e. Exp. =485 K [43]
and Exp. =467 K [43], respectively.

O N HoN /NH2
\N—"NHz ? N
~/ | hW
H,N N//
O,N
(@) (b)

Scheme 3.

Thus, it is essential to use correcting functions, which are related to non-
additive molecular moieties. The study of molecular structures of various
heterocyclic aromatic compounds with large deviations shows that it is possible
to consider two non-additive descriptors for improvement of the reliability
of'the initial model. The reported data given by the training set (in SI, see Table S1)
were used to derive the improved model using the MLR method [40] as follows:

Ty=485.3 + 34.32Typiem + 2541 Tynda — 45.80 Tunon-aaa + 62147 — 629174 (5)

where Ty is in K; 7" and T§* are two correcting parameters. These two new
terms in Equation 5 can adjust the large negative and positive deviations of the
core correlation from the experimental data, respectively. Two steps should be
done to specify the molecular fragments responsible for these deviations and the

dec

best values for 74" and 7§*. They are demonstrated as follows:
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a)

b)

Specification of molecular moieties: Large deviations of the core correlation
from experimental data may be due to different structural parameters.
They include the type and position of substituents, the type of heteroaromatic
rings, the number of substituents, the attachment of specific substituents
on the carbon or nitrogen atoms of the ring, and the type of attachment
of the heteroaromatic rings to each other through specific groups.
These structural parameters have been specified for different compounds
in the training set. Table 1 shows six classes of molecular moieties for 7"
and 74 that can be used to adjust moderate, large, and very large negative
and positive deviations, respectively. There are also six examples for six
classes in Table 1. The coefficients of 7" and T have positive and negative
signs, respectively. Thus, the presence of three classes of molecular moieties
corresponding to 74" and 7§ can increase and decrease the underestimated
and overestimated results of the core correlation, respectively.
Optimization of T," and Ti*: The second step is to find the optimum
values for 73" and T, which are given in Table 1. They were obtained
by the regression method to give the lowest and the highest values of RMSE
and R?, respectively.
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3 Results and Discussion

3.1 Statistical evaluation of the core and the improved correlations

Table 2 lists the statistical evaluations of the three and five variables given
in Equations 1 and 5, with several statistical parameters including standard
error (SE), P-value, and confidence interval (CI). As indicated in Table 2,
the coefficients of the variables in both equations had low values of SE
as compared to corresponding coefficients, which confirmed that the variables in
these correlations are significant [45]. Moreover, the P-values of all coefficients
were less than 0.05. Thus, there are no random variations for the effects of
the variables, which provided a highly significant impact. The values of SE
for Equations 1 and 5 were 36.3 and 12.9 K, respectively, which confirmed the
higher precision of Equation 5. The values of F statistic and significance F of
Equation 5 were 588.5 and 1.6E-85, respectively. These are lower than the
calculated values for Equation 1, i.e. 87.0 and 9.4E-31, respectively. These data
confirmed the higher reliability of Equation 5 as compared to the core correlation.
Table 3 provides the relationships among the five descriptors of Equation 5
using the inter-correlation coefficients. The correlation coefficients provide
information about the interrelationship between the descriptors. As seen
in Table 3, there is no significant correlation between these descriptors (P <0.05).

Table 2. Regression coefficients and their SDs, P-values, and Cls
of Equations 1 and 5
_ Cooffi- o Lower | Upper
Model | Descriptor cients SE | t-statistic | P-value? | bound® | bound®
(95%) | (95%)
Intercept 490.2 43| 114.6 |7.0E-131] 481.8 | 498.7
Eq. 1 T4 Blem 33.21 |2.65| 12.55 | 4.8—24 | 27.97 | 38.45
’ Tandaa 24.63 |2.64] 933 4.1E-16 | 1941 | 29.85
T Non-add -52.82 [594| -8.89 | 4.8E-15|-64.58|-41.07
Intercept 485.3 2.1 | 236.6 |9.8E-169| 481.2 | 489.3
T4 Flem 3432 10.95] 36.16 | 2.2E-68 | 32.44 | 36.20
Eq. S T ndd 2541 |0.95| 26.64 | 1.3E-53 | 23.52 | 27.30
' T4 Non-add -45.80 |2.15| -21.34 | 1.1E-43 | -50.04 | -41.55
T 62.14 |3.53] 17.59 | 9.7E-36 | 55.15 | 69.13
T4 —62.91 [3.71| -16.96 | 2.6E-34 | -70.26 | -55.57

9 The probability of rejecting the null hypothesis; ® Lower limit of a 95% CI; © Upper limit

ofa 95% CI
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Table 3.  Correlation coefficients matrix of the coefficients of Equation 5
Coefficient T4.Elem Taadd T4 Non-add Ty Ti
Td,Elem 1 — — _ _
Ta.add 0.4345 1 - _ _
T4 Non-add 0.2015 -0.5510 1 - —
73" —-0.4947 0.0306 -0.1124 1 -
Tiee 0.4973 0.1104 -0.1443 -0.1442 1

Table 4 provides further statistical parameters containing:
— AD (average deviation),
— AAD (average absolute deviation),
—  ADux (absolute maximum deviation),
— AARD% (average absolute relative deviation), and
_ R
for the predicted results of 132 data of the training set (in SI, Table S1).
For azole derivatives, the outputs of the core and the improved correlations
have been compared with the outputs of the model of Zohari et al. [18], the best
available model for comparison. The calculated values of AD, AD., AAD,
and AARDY% show bias and systematic errors, the worst error, the average size
of the errors, and judgment of the extent or importance of errors, respectively.
As seen in Table 4, the calculated values of AD, AD,.x, AAD, and AARD%
of Equation 5 were lower than the corresponding values of Equation 1,
which confirmed the higher reliability of Equation 5. In contrast, the value of R?
of Equation 5 was higher than that of Equation 1. The reliability of the core and
the improved models were also compared with the model of Zohari et al. [18]
for 116 azole compounds of the training set, which are also listed in Table 4.
As seen, the mentioned statistical parameters of Equation 5 are better than
those of the method of Zohari et al. [18]. Since the predicted values of AD for
Equation 5 and the model of Zohari ef al. [18] are 0.03 and 2.38 K, respectively,
Equation 5 is unbiased without systematic errors. The ratio of the worst error
by the model of Zohari et al. [18] to that of Equation 5 was 2.59, because their
AD.x values were 75.00 and 25.00 K, respectively. The ratio of the average
size of the errors of the model of Zohari et al. [18] to that of Equation 5
was 1.97, because their values of AAD were 18.70 and 9.48 K, respectively.
Since the values of AARDY% of Equation 5 and the model of Zohari et al. [18]
were 2.01 and 3.93 K, the extent of the error of Equation 5 is less than that of
the model of Zohari et al. [18]. The foundations of the mentioned statistical
parameters are consistent with the higher value of R? of Equation 2 (0.962)
as compared to that of the model of Zohari et al. [18] (0.821). For the azole
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derivatives, it was confirmed that Equation 5 is unbiased with sufficient
accuracy and precision, as compared to the model of Zohari et al. [18].
Moreover, the outputs of the statistical parameters of the training set in Table 4
have confirmed that Equation 5 provides a good prediction, not only for azole
compounds but also for heterocyclic aromatic compounds in general, and some
of their salts.

Table 4. Comparison of AD, ADu.x, AAD, AARD% and R? values
of Equations 1 and 5 for all data of the training set (132 heterocyclic
aromatic compounds), as well as for 116 data of the training
set corresponding to azole derivatives, with those of the model
of Zohari et al. [18]

Compounds | Model | AD [K] | ADwi [K] |AAD [K]| AARD% | R?

Heterocyclic | Equation 1 | —0.01 86.00 29.10 6.17 ]0.671

aromatic | Equation 5| —0.01 33.00 9.72 2.05 10.959

Equation 1 | —0.92 86.00 29.60 6.31 0.688

Equation 5| 0.03 29.00 9.48 2.01 0.962

Zohari
et al. [18] 2.38 75.00 18.70 393 0.821

Azole

The outputs of Equations 1 and 5 for heterocyclic aromatic compounds
and some of their salts, as well as of the model of Zohari et al. [18], for azole
derivatives are listed in Table S2 (in SI). Table 5 compares the calculated
results of AD, ADy.x, AAD, AARD%, and R? of Equations 1 and 5 for all data
of the test set (49 heterocyclic aromatic compounds) as well as for 41 data
corresponding to azole derivatives, with the model of Zohari et al. [18].
As shown in Table 5, the mentioned statistical parameters have confirmed that
Equation 5 has high reliability for heterocyclic aromatic compounds and some
of their salts, as well as the model of Zohari et al. [18], for azole compounds.
In contrast to the training set, it was shown that the calculated data for AD
and AD. of Equation 1 were lower than those predicted by the model
of Zohari et al. [18]. Moreover, the calculated R? of Equation 1 was close
to the model of Zohari et al. [18]. Thus, Equation 5 gives reliable results for
both the training and test sets of heterocyclic aromatic compounds and some of
their salts, as well as the model of Zohari ef al. [18] for azole derivatives.
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Table 5.  Comparison of AD, ADy..x, AAD, AARD% and R? of Equations 1
and 5 for all data of the test set (49 heterocyclic aromatic compounds)

as well as 41 data of the test set corresponding to azole derivatives,
with the model of Zohari et al. [18]

0
Compounds Model | AD [K] | ADmu [K] | AAD [K] AA[(I;)]])A) R2

Heterocyclic | Equation 1 | 9.27 86.00 24.29 530 10.729

aromatic | Equation 5 | 5.67 56.00 15.96 3.46 |0.886
Equation 1 | 2.97 86.00 26.49 5.88  0.653
Equation5 | 2.36 56.00 16.10 3.55 ]0.879

Zohari
et al. [18] 19.78 104.1 23.03 4.67 0.664

Azole

Figure 1 shows a visual comparison of the predicted data of Equations 1
and 5 for all data of heterocyclic aromatic compounds and some of their salts
of the training and test sets. As indicated in Figure 1, the outputs of Equation 5
are closer to the solid line than Equations 1. For the 165 azole compounds given
in the training and test sets, Figure 2 compares the predicted results of these
compounds by Equations 1 and 5, as well as by the model of Zohari et al. [18].
As seen in Figure 2, the predicted results of Equation 5 are closer to the line
than the model of Zohari et al. [18] and Equation 1. As seen in Figures 1 and 2,
the calculated results of Equation 5 are closer to the solid line than the model
of Zohari et al. [18] and Equation 1 because the solid line shows an exact
agreement between the outputs and experiment. Thus, the outputs of Equation 5
for both the training set and test set are given in Tables 4 and 5, which confirm
that it may be presented as a reliable method for estimation of the decomposition
temperature of different classes of heterocyclic aromatic compounds and some
of'their salts. Moreover, Equation 5 can be implemented into a suitable computer
code such as EMDB [46].
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Figure 1. The predicted decomposition temperature using Equations 1 and 5

vs. experimental values for 181 data of heterocyclic aromatic
compounds and some of their salts in the training and test sets
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Figure 2. The predicted decomposition temperature using Equations 1 and 5,
as well as using the method of Zohari et al. [18] vs. experimental
values for 157 data of azole derivatives in the training and test sets
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3.2 Leave-one-out and 5-fold internal cross-validation
Cross-validation (CV), such as leave-one-out (LOO) and 5-fold is a further
validation technique because the result of R? alone can be misleading.
It can be used to verify internal predictivity, in which different ratios of
compounds are iteratively held-out from the training set [47]. A single data
point is removed each time in LOO CV. Meanwhile, the whole training set
is divided in a 5-fold CV, randomly into five groups, as well as each group
being left out in turn. The correlation coefficient of CV (Q?), Q*.oo for LOO CV,
and Q?scv for the 5-fold CV, is executed a large number of times (of the order
of 100) by choosing dissimilar grouping arrangements where Q? < R? [48].
It is important to have robust models in which the predicted values of Q?
are close to R? [49]. Moreover, the proposed model is predictive if Q> > 0.5
and R? > 0.6 [50]. Table 6 compares the predicted values of Q%00 and Q*scy,
as well as their RMSE values, with the corresponding values of the training set.
As seen in Table 6, the values of Q% o0 and Q*scy of Equation 1 were 0.651 and
0.620 (the average of 100 runs), respectively. For Equation 5, the values of Q% 00
and Q?scy were improved to 0.955 and 0.951, respectively. Hence, the calculated
Q? is smaller thanR? for both Equations 1 and 5. Equation 5 gives a reliable
predictive model because its values of Q* 00, Q%cv, and R? are significantly
greater than those of Equation 1. Since the values of Q?.o0 and Q?scv of Equation 5
are near to the value of R?, Equation 5 can be introduced as a well-behaved, robust,
and not over-fitted model. Since the ratio of the RMSE values of Equation 5
to Equation 1 is less than one-half for Q% oo, and Q%cy, Equation 5 has higher
reliability as compared to Equation 1.

Table 6.  The values of Q* 00, Q*cv and R? as well as RMSE for Equations 1

and 5
Number of | R? or Q* for Equation | RMSE for Equation
Parameter
compounds 1 5 1 5
Training 132 0.671 0.959 35.76 12.63
LOO CW 131 0.651 0.955 36.87 13.25
5-fold CW 127 0.620 0.951 36.11 13.26

¥ For 100 runs
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Conclusions

Two new correlations, as core and improved models, have been presented
to estimate the thermal decomposition temperature (onset) of heterocyclic
aromatic compounds and some of their salts. The core correlation depends
on Ty Eiems Taadd, A0 Tynon-ada- Meanwhile, the improved correlation includes
T," and Ty*° as two correcting parameters, which can be used to adjust
large deviations of the core thermal decomposition temperatures from
the experimental data.

The values of SE, P-value, and CI have been calculated to assess
the statistical evaluations for the variables in the two correlations.
Further statistical parameters including AD, AAD, AD.x, AARD%, and R?
for the predicted results of the training and test sets have been used to confirm
the higher reliability of Equation 5. For azole derivatives, these statistical
parameters were applied to confirm the higher reliability of Equation 5
for the corresponding compounds in both the training and test sets,
as compared to the best available method, i.e. Zohari et al. [18].

The values of Q* 00, Q%cv, and R? as well as RMSE for Equations 1 and 5
were used to demonstrate that Equation 5 is a robust, well-behaved, and not
over-fitted correlation.

Thus, Equation 5 can provide the best prediction of the decomposition
temperature of heterocyclic aromatic compounds containing various
derivatives of five or six-membered nitrogen-containing rings, triazoles,
tetrazoles, furazans, triazines, and tetrazines, and some of their salts.
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