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Abstract: For the first time, an analysis of the relationship between bond lengths and bond energies in molecules
of fluorinated gas-phase flame combustion inhibitors has been conducted. No correlation was found between the
chemical bond lengths in inhibitor molecules and their efficiency. Based on bond energy data, it is shown that
the best inhibitory effect can be achieved in compounds whose molecules exhibit high heat capacity and sufficient
strength, containing no more than two weak bonds that can be readily attacked by active sites responsible for the
combustion process. The presence of a weak C–C bond in the molecule is more important than the presence of
a weak C–H bond. The best results are possible if the inhibition process follows a cyclic mechanism.
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Table Caption
Characteristics of bonds in the structure of the molecule of gaseous fire extinguishing agents and the minimum fire extinguishing
concentration

References
1. Semenov, N. N. 1935. Chemical kinetics and chain reac-

tions. Oxford: The Clarendon Press. 480 p.

2. Bein, D. A. 2005. Review of the history of fire suppression
on U.C. DOD aircraft. Gaithersburg, MD: NIST. 37 p.

3. Frank-Kamenetskii, D. A. 1969. Diffusion and heat trans-

fer in chemical kinetics. New York, NY: Plenum Press.
538 p.

4. National Fire Protection Association. 2025. NFPA
12A Standard on Halon 1301 Fire Extinguishing Sys-
tems. 78 p. Available at: https://www.nfpa.org/codes-
and-standards/nfpa-12a-standard-development/12a (ac-
cessed November 17, 2025).

5. Baratov, A. N. 1968. Obzor issledovaniy po khimich-
eskomu ingibirovaniyu plamen [Review of studies on
the chemical inhibition of flames]. Problemy goreniya

i tusheniya [Problems of combustion and extinguishing].
Ed. I. V. Ryabov. Moscow: VNIIPO. 32–55.

6. The Montreal Protocol on Substances that De-
plete the Ozone Layer. 1987. Available at: http://
ozone.unep.org/montreal-protocol-substances-deplete-
ozone-layer/32506 (accessed November 17, 2025).

7. Maksimov, V. N. 1996. Promyshlennye ftororganicheskie

produkty [Industrial organofluorine products]. Saint Pe-
tersburg: Chemistry. 544 p.

8. The Kigali Amendment. 2016. The amendment to
the Montreal Protocol agreed by the 28th Meeting
of the Parties. Kigali. Available at: http://ozone.
unep.org/montreal-protocol-substances-deplete-ozone-
layer/81853/2197 (accessed November 17, 2025).

9. Tapscott, R. E., E. W. Heinonen, J. L. Lifke, et al. 1997.
Tropodegradable bromocarbons as halon replacements.
Halon Alternatives Technical Working Conference Proceed-

ings. Albuquerque, NM: University of New Mexico, New
Mexico Engineering Research Institute. 178–185.

10. Skaggs, S. R. 1993. Second generation halon replace-
ments. Halon Alternatives Technical Working Conference

Proceedings. Albuquerque, NM: University of New Mex-
ico, New Mexico Engineering Research Institute. 239–
249.

11. Mather, J. D., and R. E. Tapscott. 2003. Tropodegradable
and other environmentally acceptable flame extinguis-
hants. Papers from 1991–2003 Halon Options Technical

Working Conferences. Gaithersburg, MD: NIST. NIST SP
984-1. 13 p.

12. Sheinson, R. S. 1997. The cup burner as a suppression
mechanism research tool: Results, interpretations, and
implications. Halon Options Technical Working Confer-

ence. Albuquerque, NM: New Mexico Engineering Re-
search Institute. 19–30.

13. Barabanov, V. G., E. G. Belevtsev, V. S. Zotikov, et al. 1999.
Galogensoderzhashhie pozharotushashhie agenty. Svoystva

i primenenie [Halogenated fire extinguishing agents: Prop-
erties and applications]. Ed. N. P. Kopylov. Saint Peters-
burg: TEZA. 132 p.

14. Moore, T. A., C. A. Weitz, and R. E. Tapscott. 1996. An
update on NMERI cup-burner test results. Halon Op-

tions Technical Working Conference Proceedings. Albu-
querque, NM: New Mexico Engineering Research Insti-
tute. P. 551–564.

GORENIE I VZRYV (MOSKVA) — COMBUSTION AND EXPLOSION 2026 volume 19 number 3



The influence of chemical bond parameters in an inhibitor molecule on the efficiency of gas-phase combustion suppression

15. Paleta, O. 1971. Struktura i reaktsionnaya sposobnost’
nekotorykh svyazey ftorirovannykh organicheskikh soedi-
neniy [Structure and reactivity of some bonds of fluorinat-
ed organic compounds]. Russ. Chem. Rev. 40(5):855–917.

16. Pritchard, G. O. 1964. The C–H bond dissociation en-
ergies in CF3H, C2F5H and C3F7H. J. Phys. Chem.

68(3):568–571.

17. Fodi, B., D. C. McKean, and M. H. Palmer. 2000. The ef-
fects of fluorine and chlorine substitution on band lengths
in ethanes and disilanes: Comparison of ab initio and ex-
perimental information. J. Mol. Struc. — THEOCHEM

500(1):195–223.

18. Yang, B., Ch. Huang, and R. Yang. 2005. Vacuum ultra-
violet photoionization and photodissociaton of pentaflu-
oroethane. Acta Physico-Chimica Sinica 21(5):539–543.

19. Kuchitsu, K. 2013. Structure of free polyatomic molecules:

Basic data. Berlin–Heidelberg: Springer Science and
Business Media. 215 p.

20. Benson, S. W. 1978. Termochemistry and kinetics of fluo-
rocarbon reactions. Chem. Rev. 78(1):23–42.

21. Rakhimov, A. I., and A. V. Miroshnichenko. 2011. Tsik-

loalkany [Cycloalkanes]. Volgograd: Volgograd State Tech-
nical University. 32 p.

22. Cheng, L., Zh. Qin, Ch. Zhang, et al. 2016. Theoretical
investigation of mono- and di-chloro-substitient effects
on the insulation and greenhouse properties of octafluo-
rocyclobutane. Front. Chem. 47(4). 10 p.

23. Haaland, A., I. Hargittai, P. Seip, and E. Vajda. 1988. The
molecular structure of gaseous perfluoropropane, C3F8,
as studied by electron difraction. J. Mol. Struct. 181:121–
127.

24. Trowbridge, L. D. 2000. Potential hazards relating to
pyrolysis of c-C4F80, n-C4F10 and c-C4F8 in select-
ed gaseous diffusion plant operations. Oak Ridge, TN:
Oak Ridge National Laboratory. Report No. ORNL/TM-
200/68. 68 p.

25. Yamamoto, O., K. Takahashi, and T. Inomata. 2004. Ki-
netic studies on the reactions of heptafluoropropanes with
O(3P) and H atoms at high temperatures. J. Phys. Chem. A

108(8):1417–1424.

26. Hu, Y., Y. Xu, T. Wang, and Ch. Wang. 2011. Exper-
imental study on the thermal decomposition of 2H —
heptafluoropropane. J. Anal. Appl. Pyrol. 90(1):27–32.

27. Zhang, X., Sh. Tian, S. Xiao, and Z. Deng. 2017. In-
sulation strength and decopmposition characteristics of
a C6F12O and N2 gas mixture. Energies 10(8). 1170 p.

28. Yin, H., G. Guogiang, K. Lin, and Ya. Yan. 2022. De-
composition properties of two phase immersion cooling
medium C6F12O. A Computational Study — Chemical

Physics Letters 794:505.

29. Kopylov, S. N. 2017. Ekologicheskie svoystva perftor-

1,2-dimetiltsiklobutana [Environmental properties of
perfluoro-1,2-dimethylcyclobutane]. Moscow: FGBU
VNIIPO EMERCOM of Russia. 18 p.

30. Kaupp, M. , D. Danovich, and S. Shaik. 2017. Chemistry
is about energy and its changes. A critique of bond–
length/bond–strength correlations. Coordin. Chem. Rev.

344:355–362.

31. Yanovskaya, L. A., V. A. Dombrovskiy, and A. Kh. Khusid.
1980. Tsiklopropany s funktsional’nymi gruppami [Cyclo-
propanes with functional groups]. Moscow: Nauka. 223 p.

32. Chase, M. W. 1998. NIST–JANAF thermochemical ta-
bles. J. Phys. Chem. Ref. Data. Monograph 9. 1951 p.

33. Gurvich, L. V., I. V. Veits, V. A. Medvedev, et al. 1979. Ter-

modinamicheskie svoystva individual’nykh veshhestv [Ther-
modynamic properties of individual substances]. Ed.
V. P. Glushko. Moscow: Nauka. Vol. 2. Book 1. 440 p.

34. Magee, J., and H. Duarte. 2000. Molar heat capacity
at constant volume of trifluoromethane (R23) from the
triple-point temperature to 342 K at pressures to 33 MPa.
Int. J. Thermophys. 21(6):1351–1352.

35. Kopylov, S. N., P. S. Kopylov, I. P. Eltyshev, and I. R. Be-
gishev. 2023. The role of radicals in the conversion of
trifluoromethane in the flame of methane–oxygen mix-
tures. Phys. Chem. A 97(11):2624–2630.

36. Shebeko, Yu. N., V. V. Azatyan, I. A. Bolodyan,
V. Yu. Navzenya, S. N. Kopylov, D. Yu. Shebeko, and
E. D. Zamyshevski. 2000. The influence of fluorinated
hydrocarbons on the combustion of gaseous mixtures in
a closed vessel. Combust. Flame 121:542–547.

37. Duan, Yu. Yu., L. Shi, M. S. Zhu, et al. 2001. Termody-
namic properties of 1,1,1,2,3,3,3-heptafluoroprpopane.
Int. J. Thermophys. 22(5):1463–1474.

38. Kopylov, S. N., P. S. Kopylov, I. P. Eltyshev, and I. R. Begi-
shev. 2022. Mekhanizm destruktsii geptaftorpropana v pla-
meni smesey metana s kislorodom [The mechanism of
destruction of heptafluoropropane in the flame of
methane–oxygen mixtures]. Tezisy XVI Vserossiysko-

go simpoziuma po goreniyu i vzryvu [16th All-Russian
Symposium on Combustion and Explosion Abstracts].
Chernogolovka: Institute of Problems of Chemical Physics
of the Russian Academy of Sciences. 276–277.

39. Yang, Q., Y. Gao, Y. Yang, X. Zhou, and H. Zhang. 2024.
Toward better halon substitutes: Effects of carbon chain
length on pyrolytic and fire-suppressing mechanisms of
perfluoroalkanes. J. Mol. Struct. 1312(15):138589.

40. Zhang, X., Y. Zhang, Y. Li, J. Tang, and S. Xiao.
2018. Insights on decomposition process of c-C4F8 and
c-C4F8/N2 mixture as substitutes for SF6. Roy. Soc. Open

Sci. 5(10):181104. 14 p.

41. Jackson, D. A., C. J. Young, M. D. Hurley, T. J. Walling-
ton, and S. A. Mabury. 2011. Atmospheric degradation of
perfluoro-2-methyl-3-pentanone: Photolysis, hydrolysis
and hydration. Environ. Sci. Technol. 45:8030–8036.

42. Chemical properties of cyclobutane, octafluoro- (CAS
115-25-3). Available at: https://www.chemeo.com/cid/
58-059-3/Cyclobutane-octa§uoro# (accessed Jan-
uary 19, 2026).

43. Kopylov, S. N. 2001. Novye klassy effektivnykh gomogen-
nykh ingibitorov gazofaznogo goreniya i razvitie nauch-
nykh osnov ikh ispol’zovaniya [New classes of effective
homogeneous gas-phase combustion inhibitors and the
development of scientific foundations for their use].
Moscow. DSc. Diss. 250 p.

GORENIE I VZRYV (MOSKVA) — COMBUSTION AND EXPLOSION 2026 volume 19 number 3



S. N. Kopylov, P. S. Kopylov, I. A. Teterin, and I. P. Eltyshev

44. Azatyan, V. V., A. G. Merzhanov, V. I. Kalachev, et al.

2005. Inhibition of various hydrogen combustion regimes
in air by propylene and isopropanol. Combust. Exp-

lo. Shock Waves 41(1):1–11. doi: 10.1007/s10573-005-
0001-7. EDN: LIVZTZ.

45. Azatyan, V. V. 2021. Decisive Role of the laws of chain
reactions in processes of combustion, explosion, and deto-
nation of gases. Kinet. Catal. 62(2):233–244.doi: 10.1134/
S0023158421020014. EDN: WCRLPP.

46. Azatyan, V. V. 2025. Zakony khimicheskoy kinetiki v prot-

sessax goreniya, vzryva i detonatsii gazov [The laws of
chemical kinetics in the processes of combustion, explo-
sion, and gas detonation]. Moscow: NRC “Kurchatov
Institute” — NIISI. 324 p.

47. Hynes, R. G., J. C. Mackie, and A. R. Masri. 2000.

A shock tube kinetic study on the reaction of C3F6 and
H atoms at high temperatures. P. Combust. Inst. 28:1557–
1562.

48. Mogelberg, T. E., J. Platz, O. J. Nielson, J. Sehested, and
T. J. Wallington. 1995. Atmospheric chemistry of HFC-
236fa: Spectrokinetic investigation of the CF3CHO2•CF3
radical, its reaction with NO, and the fate of the
CF3CHO•CF3. J. Phys. Chem. 99:5373–5378.

49. Orkin, V. L., G. A. Poskrebyshev, and M. J. Kurilo. 2011.
Rate constants for the reactions between OH and perflu-
orinated alkenes. J. Phys. Chem. A 115(24):6568–6574.

50. Kopylov, P. S. 2021. Ognetushashhaya effektivnost’
perftorizogeksenov [Fire extinguishing efficiency of
perfluoro-isohexenes]. Pozharnaya bezopasnost’ [Fire
Safety] 1(102):47–53.

Received November 28, 2025

After revision March 31, 2026

Accepted April 6, 2026

Contributors

Kopylov Sergey N. (b. 1971) — Doctor of Science in technology, chief research scientist, All-Russian Scientific
Research Institute of Fire Protection of the EMERCOM of Russia, 12 VNIIPO district, Balashikha 143903,
Russian Federation; firetest@mail.ru

Kopylov Pavel S. (b. 1996) — Candidate of Science in technology, senior research scientist, All-Russian Scientific
Research Institute of Fire Protection of the EMERCOM of Russia, 12 VNIIPO district, Balashikha 143903,
Russian Federation; pskopylov@mail.ru

Teterin Ivan A. (b. 1996) — Candidate of Science in technology, senior research scientist, All-Russian Scientific
Research Institute of Fire Protection of the EMERCOM of Russia, 12 VNIIPO district, Balashikha 143903,
Russian Federation; ivan teterin3@mail.ru

Eltyshev Ilya P. (b. 1997) — Candidate of Science in technology, senior research scientist, All-Russian Scientific
Research Institute of Fire Protection of the EMERCOM of Russia, 12 VNIIPO district, Balashikha 143903,
Russian Federation; ipeltyshev@vniipo.ru

GORENIE I VZRYV (MOSKVA) — COMBUSTION AND EXPLOSION 2026 volume 19 number 3


