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QSPR approach to the calculation of rate constants of homolysis of 
nitro compounds in different states of aggregation 
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A method for theoretical estimation and prediction of rate constants of homolysis of 
C--N and N--N bonds is used for nitro compounds in the liquid phase. The method is based 
on the QSPR approach. 
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Known theoretical methods (quantum-chemical and 
molecular-mechanics methods) for the calculation of 
parameters of  the thermal stability of nitro compounds 
can not be applied to compounds in the liquid phase. To 
overcome the restrictions of  theoretical computation 
methods and to estimate parameters of  the thermal 
stability (the activation energies and the rate constants 
of homolysis) 1,2 of compounds in the liquid phase we 
developed a method based on the QSPR approach. In 
the present paper this method was used for estimation of 
the rate constants of homolysis of C- -N  and N - - N  
bonds of nitro compounds in the liquid phase. 

It is known that thermal stability of  nitro compounds 
depends on different factors: the structure, the state of 
aggregation, an autocatalytic decomposition of com- 
pounds, etc. We examined the relationship between one 
of the factors, namely the chemical structure and the 
rate constant of  homolysis of nitro compounds. The 
mechanism of their decomposition was ignored. It should 
be only noted that  according to experimental  
thermochemical data the primary step of thermolysis of 
these compounds is a radical cleavage of C- -N and 
N - - N  bonds. 

Previously 2-5 the QSPR approach was applied to the 
calculations of some parameters (the thermal stability of 
nitro compounds and their sensitivity to the impact). 
This approach is based on the construction of a set of 
lineary "structure--property" correlation models by us- 

* For Communication 1, see Ref. 1. 

ing the EMMA (Efficient Modeling of Molecular Activ- 
ity) 2 program package. 

The values of tog k were recomputed using the 
Arrhenius equation and the average temperature of  ho- 
molysis for the compounds studied (420 K ) )  

The experimental data base 6-43 consisted of 67 com- 
pounds in the training set (Table I) and of 7 compounds 
in the test set (Table 2). When constructing models 
about 3000 descriptors of molecular structure were cal- 
culated for each compound. Then the descriptors that 
related to the correlation between the structure and the 
value of a parameter with the highest accuracy were 
selected by optimization of base sets of descriptors. 

The results of seaching for the "structure--tog k" 
correlations for one of the most stable regression model 
are shown in Fig. 1. The model is constructed on 6 
descriptors and is represented by the equation 

logk = -22.3t+ 18.86HBAcc/Na~ - 1.00minSi + 
+ t.55TICt/Nat + 0.25 maxS - 0.21maxS + 

rr~ ~2 (1) 
+ 0.45n(fr3), 

n = 67, R = 0.91, s = 1.08, F = 51.3, A = 0.82, 

where n is the number of structures in the training set; R 
is the correlation coefficient; s is the standard deviation; 
F is the Fischer criterion; A is the average square error; 
Nat is the number of nonhydrogen atoms in the mole -  
cule; HBAce = No + NN is the sum of the O and N 
atoms in the molecule (index is proposed by D. E. 
Petelin and reflects the number of potential acceptors of  
hydrogen bonds in the molecule); minSi is the lowest 

Translated from Izvestiya Akademii Nauk. Seriya Khimicheskaya, No. 9, pP. 1657--1660, September, 1995. 

1066-5285/95/4409-1589 $12.50 �9 1995 Plenum Publishing Corporation 



1590 Russ.Chem.Bull., VoI. 44, No. 9, September, 1995 Sukhachev et aL 

Table 1. Experimantal and calculated log k for homolysis of nitro compounds in the liquid state (from 
the training set) 

Compound Empirical - logk References 

formula calcu- experi- 
lated mental 

1,4-Dinitriso- 1,4-diazacyclohexane 
1,3,5-Trinitriso- 1,3,5-triazacyclohexane 
Bis(2,2,2-trinitroethyl)-N-nitrosamine 
Bis(2,2-dinitro- 2-fluoroethyl)-N-nitrosamine 
N- Monomethylnitramine 
Ethylenedinitramine 
Potassium monomethylnitraminate 
Potassium ethylenedinitraminate 
N,N-Dimethylnitramine 
1,3-Dinitro- 1,3-diazacyclopentane 
1,4-Dinitro- 1,4-diazacyclohexane 
1,3,5 -Trinitro - 1,3,5 - triazacyclohexane 
1,5- Endomethylene - 3,7 -dinitro- 1,3,5,7-tetra- 
azacyclooctane 
4-Nitrazavaleric acid 
1 - (Methylnitramino) - 2,4,6 - trinitrobenzene 
Methyl nitrate 
Ethylene glycol dinitrate 
Diethylene glycol dinitrate 
1,3-Propylene glycol dinitrate 
1,4-Butylene glycol dinitrate 
2,3-Butylene glycol dinitrate 
2-Hydroxy-l,3-propylene glycol dinitrate 
Glycerol dinitrate 
Erythritol tetranitrate 
Xylitol pentanitrate 
Pentaerythritol tetranitrate 
Mannitol hexanitrate 
Dipentaerythritot hexanitrate 
N, N- Diethanolnitramine dinitrate 
Trimethylolnitromethane trinitrate 
Ethyl nitrate 
1,1,1-Triethylolpropane trinitrate 
Nitromethane 
Dinitromethane 
Trinitromethane 
Tetranitromethane 
1,1,1-Trinitroethane 
1-Nitropropane 
2-Nitropropane 
1,1-Dinitropropane 
1 ,1 ,1 -Trin i tropropane  
1, t, 1,3-Tetranitropropane 
2-Methyl-l,l,l,3-tetranitropropane 
I ~ 1 ,1 ,2 ,2 -Pentan i t ropropane  
Hexanitropropane 
1-Fluoropentanitroethane 
2,4-Dinitrotoluene 
2,6-Dinitrotoluene 
3,5-Dinitrotoluene 
2,4,6 -Trinitrotoluene 
1 , 3 - D i m e t h y l - 2 , 4 , 6 - t r i n i t r o b e n z e n e  
3,3 '-Dimethyl-2,2' ,4,4" ,6,6' -hexanitro- 
diphenyl 
ct,fI-Bis(2,4,6-tfinitrophenyl)ethane 
2,2" ,4,4 ",6,6' -Hexanitrosostilbene 
1 -Chloro -2 ,4 ,6 - t r in i t robenzene  

C4HsN402 5.4 3.9 6 
C3H6N603 2.8 4.8 7 
C4H4N8013 3.6 3.1 8 
C4F2H4N609 4.6 5.4 8 
CH4N202 3.5 2.9 9 
C2H4N402 4.6 3.5 9 
KCH3N202 8.0 6.1 9 
K2C2H2N404 9.3 9.6 9 
C2H6N202 6.2 5.2 10 
C3H6N404 5.6 5. I 11 
C4HsN404 6.7 7.4 lZ 
C3H6N606 5.1 6.2 12 
C5H10N604 5.8 5.6 10. 

C5HIoN204 7.9 7.2 t3,14 
C7HsNsO 8 7.5 5.0 13 
CH3NO 3 4.7 6.2 15 
C4H4N206 5.2 5.8 16 
C4H8N207 5.4 5.4 17 
C3H6N206 5.4 5.5 18 
C4HsN206 5.7 5.2 18 
C4HsN206 5.2 4.9 18 
C3H6N207 4.0 5.3 18 
C3HsN309 5.0 4.9 19 
C4H6N4012 4.4 3.6 zo 
CsH7NsO15 3.7 3.1 2o 
CsH6N4012 5.1 4.8 16 
C6HsN6018 3.1 3.0 16 
CIoH16N6019 5.1 5.5 21 
C4H8N408 4.7 5.1 22 
C4H6N4OII 4.6 3.6 23,24 
C2HsNO 3 5.2 6.1 20 
C9H17N309 5.1 5.7 25 
CH3NO 2 7.3 8,8 26 
CH2N204 6.6 5.9 37 
CHN306 5.2 4.7 37 
CN408 4.1 3.5 28 
C2H3N306 5.4 6.0 29 
C3H7NO 2 10.6 11.7 20 
C3H7NO 2 8.0 7.8 20 
C3H6N204 8.9 9.2 z0 
C3HsN306 5.7 4.9 2o 
C3H4N408 5.4 7.9 30,z0 
C4H6N408 4.4 4.2 30 
C3H3NsOlo 0.1 1.5 30 
C2N6012 2.14 1.3 2s,31 
C2FN5010 2.1 1.7 28 
C7H6N204 9.5 8.4 32 
C7H6N204 9.7 10.4 32 
C7H6N204 9.5 t0.7 32 
C7H5N306 8.8 8.7 33 
C8H7N306 8.9 9.2 33 
CI4H8N6012 8.8 8.1 34 

CIsH10N6OI2 8.6 9.1 as 
C14H6N6012 6.3 6s  36 
C6CIH2N306 10.3 11.5 3z 
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Table 1. (Continued) 

Compound Empirical -logk References 

formula calcu- experi- 
lated mental 

1,3,5-Trichloro- 2,4,6 - trinitrobenzene 
1 - Hydroxy- 2,4,6 -trinitrobenzene 
1,3,5-Trihydroxy-2,4,6-trinitrobenzene 
1 - Methoxy- 2,4,6- trinitrobenzene 
1 -Amino- 2,4,6-trinitrobenzene 
2,2', 4,4", 6,6'- Hexanitroazobenzene 
2,2',4,4',6,6-Hexanitrobenzophenone 
2,2 ",4,4 ',6,6- Hexanitrobiphenylsulfide 
1,3,5-Trinitrobenzene 
2,2 ",4,4 ",6,6-Hexanitrodiphenyl 
Benzotrifuroxane 

C6C13N306 11.3 11.7 32 
C6H3N307 7.8 8.3 37,38 
C6H3N309 6.6 4.1 39 
C7H5N307 5.4 7.3 38 
C6H4N406 7.9 9.0 37 
C12H4N8OI2 8.5 8.3 40 
C13H4N6OI3 8.9 9.9 40 
C]2H4N6012S 9.3 9.0 42 
C6H3N306 9.6 i 1.5 33 
C12H4N6OI2 9.7 9.7 37 
C6N606 6.2 7.4 43 

Table 2. Experimental and calculated log k for homolysis of nitro compounds in the 
liquid state (from the test set) 

Compound Empirical -logk Refer- 

formula calcu- experi- ences 
fated mental 

Bis(2,2-dinitropropyl)- N-nitrosamine 
Methylenedinitramine 
1,2-Propylene glycol dinitrate 
2,2- Dinitropropane 
1,3,5-Trimethyl - 2,4, 6 -trinitrob enzene 
1,3- Dichloro - 2,4,6 - trinitrobenzene 
1,3-Dihydroxy- 2,4,6-trinitrobenzene 

C7HIIN609 4.0 5.9 8 
CH4N404 3.5 3.3 9 
C3H6N204 5.2 4.9 18 
C3H6N204 5.5 6.7 20 
C9H9N306 10.7 9.2 33 
C6C12HN306 11.5 10.3 32 
C6H3N308 6.8 6.8 37 

1.32 

-1.32 

-3.96 

-6.60 

-9.24 

-11.88 
-11.88 

/ 
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-6.60 -1.32 log kexp 

Fig. 1. Scattering diagram of experimental and calculated log k 
for the training set consisting of 67 compounds from different 
chemical classes. 

value of  electrotopological states of  atoms in the mol- 
ecule; TIC~ = nilog2(n/ni), where n is the total number 
of  atoms, n i is the number  of  atoms of  different types 
taking into account  neighboring atoms and adjacent 
hydrogen; S i is the sum of  electrotopological states of  

atoms in fragment fri; maxS is the highest value of  index 
S for all fragments fr i in the molecule; n(fr) is the 
number of  fragments (fr) in the molecule. 

Fragments used in the model (1) are given below: 

- - C - - C - -  - - C - - C - - C - - N 0 2  

fr~ fr 2 fr 3 

In the training set (see Table 1) the biggest errors in 
log k (2.5) should be noted for 1,1,1-trinitropropane and 
1,3,5-trihydroxy-2,4,6-trinitrobenzene. For potassium 
m o n o m e t h y l n i t r a m i n a t e  an error  is 2.0, and for 
1,3,5-trinitrozo- 1,3,5-tr iazacyclohexane,  1-methoxy-  
2,4,6-trinitrobenzene, and 1,3,5-trinitrobenzene they 
are 1.9. 

As follows from the data obtained Eq. (1) describes 
the "structure--rate constant of  homolysis" correlation 
for nitro compounds in the liquid phase less correctly 
than the equation for compounds  in the gas phasO: the 
model has a lower correlation coefficient (R) and a 
higher average absolute error. Probably, this fact de- 
pends on the effects of  the medium, particularly the 
intermolecular interaction. Thus, for nitro compounds 
in the gas phase the degree of  adequacy of  the molecular 
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structure for the parameter studied (log k) is higher then 
that revealed for nitro compounds in the liquid phase. 

Comparing descriptors used in models of  "struc- 
t u r e - r a t e  constant of  homolysis" obtained for nitro 
compounds in gas and liquid phases one may noted that 
in both cases the most informative are indices o f  electro- 
topological states of  atoms in fragments which reflect 
the electron density distribution at atoms. It also should 
be noted the presence of  the topological index TIC  1 in 
the model for nitro compounds in the liquid phase, 
which is not informative for the "structure--log k" corre- 
lation for nitro compounds in the gas phase. 

Data on the estimation of  the prediction capability of  
the model for test compounds are presented in the 
Table 2. Relatively high errors should be noted for 
bis(2,2-dinitropropyl)-N-nitrosamine (Alog k = 1.9) I4 
1,3,5-trimethyl-2,4,6-trinitrobenzene (Alog k = 1.5). 

In conclusion, the present investigation confirms 
that the QSPR approach allows one to estimate the rate 
constants of  the thermal decomposition of  nitro com- 
pounds in the liquid phase with sufficient accuracy. 

References 

1. D. V. Sukhachev, T. S. Pivina, N. I. Zhokhova, N. S. 
Zefirov, and S. Zeman, Izv. Akad. Nauk, Ser. Khim., 
1995, 1653 [Russ. Chem. Bull., 1995, 44, 1585 (Engl. 
Transl.)]. 

2. T. S. Pivina, D. V. Sukhachev, L. K. Maslova, V. A. 
Shlyapochnikov, and N. S. Zefirov, DokL Akad. Nauk, 
1993, 330, 468 [Dokl. Chem., 1993, 330 (Engl. Transl.)] 

3. T. S. Pivina, D. V. Sukhachev, and N. S. Zefirov, in Proc. 
Europyro 93, Strasbourg, France, 1993, 71. 

4. G. T. Afanas'ev, T. S. Pivina, and D. V. Sukhachev, PEP, 
1993, 18, 309. 

5. D. V. Sukhachev, T. S. Pivina, V. A. Shlyapochnikov, 
E. A. Petrov, V. A. Palyulin, and N. S. Zefirov, Dokl. 
Akad. Nauk, 1993, 323, 55 [Dokl. Chem., 1993, 323 (Engl. 
Transl.)]. 

6. A. Tall and S. Zeman, Thermochim. Acta, 1985, 93, 25. 
7. B. A. Lur'e, L. M. Fedotina, and B. S. Svetlov, in Tr. Mosk. 

Khim.-Tekhnol. Inst. ira. D. 1. Mendeleeva [Proc. of D. 1. 
Mendeleev Moscow Inst. of Chem. Technol.], 1979, 104, 5 
(in Russian). 

8. B. L. Korsunskii, L. Ya. Kiseleva, R. G. Gafurov, E. M. 
Sogomonyan, L. T. Eremenko, and F. I. Dubovitskii, Izv. 
Akad. Nauk SSSR, Set. Khim., 1974, 1781 [Bull. Acad. Sci. 
USSR, Div. Chem. Sci., 1974, 23 (Engl. Transl.)]. 

9. A. N. Pavlov, A. A. Fedotov, L. L. Pavlova, Yu. V. Gamer, 
and F. I. Dubovitskii, in Khimicheskaya fizika protsessov 
goreniya i vzryva [Chemical Physics of Combustion and 
Explosive Processes, Proc. 9th All-Union Symp. Combust. 
Explos.], Ed. V. N. Novozhilov, Nauka, Moscow, 1989, 
103 (in Russian). 

10. S. Zeman, Thermochim. Acta, 1992, 202, 191. 
11. G. V. Sitonina, B. L. Korsunskii, N. F. Pyatakov, V. G. 

Shvaiko, I. Sh. Abdrakhmanov, and F. I. Dubovitskii, Izv. 
Akad. Nauk SSSR, Ser. Khim., 1979, 311 [Bull. Aead. Sci. 
USSR, Div. Chem. Sci., 1979, 28 (Engl. Transl.)]. 

12. J. L. Jannet and R. N. Rogers, Therm. Anal., Proc. 7th 
Int. Conf., Part 2, 1426; U.S. Govt. Rep. DE 820 12 149, 
1982. 

13. F. I. Dubovitskii and B. L. Korsunskii, Usp. Khim., 1981, 
50, 1828 [Russ. Chem. Rev., 1981, 50 (Engl. Transl.)]. 

14. V. N. Shanko and R. S. Stepanov, in Fizichekaya khimiya 
[Physical Chemistry], Krasnoyarsk, 1974, 1, 190 (in Russian). 

15. A. Ya. Appin, O. M. Todes, and Yu. B. Khariton, Zh. Fiz. 
Khim. [Z Phys. Chem.], 1936, 8, 866 (in Russian). 

16. B. A. Lur'e and B. S. Svetlov, in Tr. Mosk. Khim.-Tekhnol. 
Inst. im. D. L Mendeleeva [Proc. of D. I. Mendeleev Moscow 
Inst. of Chem. Technol.], 1967, 53, 51 (in Russian). 

17. B. A. Lur'e and B. S. Svetlov, Teoriya vzryvchatykh vesh- 
chestv [Theory of Explosives], Izd. Min. Oborony, Moscow, 
1963, 281 (in Russian). 

18. A. G. Afanas'ev, B. A. Lur'e, and B. S. Svetlov, in Tr. Mosk. 
Khim.-Tekhnol. Inst. im. D. 1. Mendeleeva [Proc. of D. L 
Mendeleev Moscow Inst. of Chem. Technol.], 1967, 53, 63 
(in Russian). 

19. B. S. Svetlov, Kinet. Katal., 1961, 2, 38 [Kinet. CataL, 
1961, 2 (Engl. Transl.)]. 

20. G. K. Klimenko, in Gorenie i vzryv [Combustion and 
Explosion, Proc. 4th All-Union Symp. Combust. Explos.], 
Nauka, Moscow, 1977, 587 (in Russian). 

21. K. K. Andreev and B. S. Sarnsonov, in Tr. Mosk. Khim.- 
TekhnoL Inst. im. D. I. Mendeleeva [Proc. of D. 1. Mendeleev 
Moscow Inst. of Chem. TechnoL], 1967, 53, 7 (in Russian). 

22. B. S. Svetlov and B. A. Lur'e, Zh. Fiz. Khim., 1963, 37, 
1979 [Z Phys. Chem. USSR, 1963, 37 (Engl. Transl.)]. 

23. L. Philips, Nature, 1974, 160, 753. 
24. F. Pollard, R. Wyatt, and H. M. Marshall, Nature, 1950, 

165, 564. 
25. S. Zeman, M. Dimun, and S. Truchlik, Thermochim. Acta, 

1984, 78, 181. 
26. G. M. Khrapkovskii, P. N. Stolyarov, V. D. Dorozhkin, 

E. A. Ermakova, A. M. Rosin, and G. N. Marchenko, 
Khim. Fiz., 1990, 9, 648 [Chem. Phys. (USSR), 1990, 9 
(Engl. Transl.)]. 

27. S. Zeman, Nitroparaffins. Thermolysis, unpublished paper. 
28. F. I. Dubovitskii, in Problemy kinetiki elementarnykh 

khimicheskikh reaktsii [Problems of the Kinetics of Elemen- 
tary Chemical Reactions], Nauka, Moscow, 1973, 173 (in 
Russian). 

29. G. M. Nazin, G. B. Manelis, and F. I. Dubovitskii, Izv. 
Akad. Nauk SSSR, Ser. Khim., 1968, 2628 [Bull. Acad. Sci. 
USSR, Div. Chem. Sci., 1968, 17 (Engl. Transl.)]. 

30. G. K. Klimenko, in Gorenie i vzryv [Combustion and 
Explosion, Proc. 4th All-Union Symp. Combust. Explos.], 
Nauka, Moscow, 1977, 567 (in Russian). 

31. G. B. Manelis in Problemy kinetiki elementarnykh khimi- 
cheskikh reaktsii [Problems of the Kinetics of Elementary 
Chemical Reactions], Nauka, Moscow, 1973, 93 (in Rus- 
sian). 

32. Yu. Ya. Maksimov, Zh. Fiz. Khim, 1971, 45, 793 [o r. Phys. 
Chem. USSR, 1971, 45 (Engl. Transl.)]. 

33. Yu. Ya. Maksimov, N. V. Polyakova, and I. F. Sapranovich, 
in Tr. Mosk. Khim.-Tekhnol. Inst. im. D. I. Mendeleeva 
[Proc. of D. L Mendeleev Moscow Inst. of Chem. TechnoL], 
1974, 83, 55 (in Russian). 

34. Yu. Ya. Maksimov and S. V. Sorokin, in Tr. Mosk. Khim.- 
TekhnoL Inst. im. D. 1. Mendeleeva [Proc. of D. I. Mendeleev 
Moscow Inst. of Chem. Technol.], 1980, 112, 36 (in Rus- 
sian). 

35. S. Zeman, Thermochim. Acta, 1981, 49, 219. 
36. R. N. Rogers, Thermochim. Acta, 1975, 11, 131. 
37. K. K. Andreev, Termicheskoe razlozhenie i gorenie vzry- 

vchatykh veshchestv [Thermal Decomposition and Combus- 
tion of Explosives], Nauka, Moscow, 1966 (in Russian). 



Homolysis of nitro compounds in the liquid phase Russ. Chem.Bult., Vol. 44, No. 9, September, 1995 t593 

38. Yu. Ya. Maksimov, L. S. Glyushetskaya, and S. B. Sorokin, 
in. Tr. Mosk. Khim.-TekhnoL Inst. im. D. I. Mendeteeva 
[Proc. of D. L Mendeleev Moscow Inst. of Chem. Technol.], 
1979, 104, 22 (in Russian). 

39. Yu. Ya. Maksimov, I. F. Sapranovich, and V.G. Pavlenko, 
Khimiya i Khim. Tekhnotogiya [Chemistry and Chem. 
Technol.l, 1974, 17, 1585 (in Russian). 

40. Yu. Ya. Maksimov and E. N. Kogut, Khimiya i Khim. 
Tekhnologiya [Chemistry and Chem. Technol.], 1977, 20, 
349 (in Russian). 

41. Yu. Ya. Maksimov and E. N. Kogut, in Tr. Mosk. Khim.- 
TekhnoL Inst. ira. D. L Mendeleeva [Proc. of D. [. Mendeleev 
Moscow Inst. of Chem. Technol.], 1979, 104, 30 (in Rus- 
sian). 

42. Yu. Ya. Maksirnov, Zh. F.iz. Khim., 1967, 41, 1193 [J. Phys. 
Chem. USSR, 1967, dl (Engl. Transl.)]. 

43. Yu. Ya. Maksimov, E. N. Kogut, and E. G. Sorokina, in 
Tr. Mosk. Khim.-Tekhnol. Inst. im. D. L Mendeleeva [Proc. 
of D. I. Mendeleev Moscow Inst. of Chem. Technol.], 1979, 
94, 19 (in Russian). 

Received December 22, !994 


