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Abstract: Using the methods of modeling the crystal structure in the atom—atom potentials approximation, the
packing of benzotrifuroxan (C3h) and its isomer (Cs) as well as a hybrid crystalline form containing both molecules
simultaneously are modeled. The simulation results are in good agreement with the available experimental data. It
has been shown that the thermodynamically most favorable is the crystalline form with the C3h symmetry, followed
by the hybrid and least favorable isomer form with the Cs symmetry. [somerization processes have been investigated
by quantum-chemical methods and the possibility of both one- and two-stage isomerization processes has been
determined.
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Figure Captions
Figure 1 Structures of BTF (1) and its isomer (2) molecules

Figure 2 Experimental [3] (a) and calculated (b) crystal packings of compound 2 in the projection of unit cell from the side [101]

Figure 3 Calculated crystal packings: (a) compound 2; and (b) hybrid phase (1 + 2). The groups undergoing isomerization are
marked by the ovals. The unit cell projection is from the [101] side

Figure 4 Possible isomerization mechanisms of compound 2

Table Captions

Table 1 Calculated and experimental unit cell parameters of compound 1
Table 2 Calculated and experimental unit cell parameters of isomer molecule 2
Table 3 The calculated and experimental parameters of crystal unit cell after the isomerization reaction of compound 2

Table 4 Relative energies of benzotrifuroxan isomers with symmetry BTF (Cs) and BTF (C3h), dinitroso intermediate DNI
(A), transition states of TS (1A), TS (2A) and TS (B), and elementary stages activation barriers of two- and one-step pathways
isomerization (A and B)

Acknowledgments

The reported study was funded by RFBR, project No. 19-33-90230. Modeling of crystal structures was carried out
with the involvement of resources “MVS100K” JSC RAS.

References 2. Hoffmann, R., R. Gleiter, and F. Mallory. 1970. Non-
least-motion potential surfaces. The dimerization of
methylenes and nitroso compounds. J. Am. Chem. Soc.

I. Cady, H., A. Larson, and D. Cromer. 1966. The 92(6):1460—1466. doi: 10.1021/ja00709a002.
crystal structure of benzotrifuroxan (hexanitrosoben-

zene). Acta Crystallogr. 20(3):336—341. doi: 10.1107/ 3. Golovina, N., N. Titkov, A. Raevskii, and L. Atovmyan.
s0365110x6600080x. 1994. Kinetics and mechanism of phase transitions in

GORENIE I VZRYV (MOSKVA) — COMBUSTION AND EXPLOSION 2020 volume 13 number 3



N. M. Baraboshkin, I. D. Nesterov, and T. S. Pivina

the crystals of 2,4,6-trinitrotoluene and benzotrifurox- 9. Coombes, D., S. Price, D. Willock, and M. Leslie. 1996.
ane. J. Solid State Chem. 113(2):229—238. doi: 10.1006/ Role of electrostatic interactions in determining the crys-
jssc.1994.1365. tal structures of polar organic molecules. A distributed
. Tiirker, L. 2010. A DFT study on benzotrifuroxan and multipole study. J. Phys. Chem. 100(18):7352—7360. doi:
its isomers. Polycycl. Aromat. Comp. 30(1):44—60. doi: 10.1021/jp960333b.
10.1080/10406631003608479. 10. Dzyabchenko, A. 2008. From molecule to solid: The pre-
. Frisch, M., G. Trucks, H. Schlegel, e al. 2009. Gaussian diction of organic crystal structures. Russ. J. Phys. Chem. A
09 Revision D. 01. Wallingford, CT: Gaussian Inc. 82(10):1663—1671. doi: 10.1134/50036024408100075.
- Bayly, C., P. Cieplak, W. Comnell, and P. Kollman. 1993. =y} * prqoper R, 1972. FORTRAN subroutines for minimiza-
A well-behaved electrostatic potential based method us- . .
. . L . tion by quasi-Newton methods. U.K.
ing charge restraints for deriving atomic charges: The
RESP model. J. Phys. Chem. 97(40):10269—10280. doi:  12. Uematsu, S., and Y. Akahori 1978. NMR study
10.1021/j100142a004. of the intramolecular nonmutual exchange of
. Stone, A. 1981. Distributed multipole analysis, or how to 5-halobenzofuroxan. II. Mechanism of ring opening re-
describe a molecular charge distribution. Chem. Phys. Lett. action. Chem. Pharm. Bull. 26(1):25—32. doi: 10.1248/
83(2):233—239. doi: 10.1016/0009-2614(81)85452-8. €pb.26.25.
. Dzyabchenko, A. 2008. A multipole approximation ofthe ~ 13. Gasco, A., and A. Boulton. 1981. Furoxans and ben-

electrostatic potential of molecules. Russ. J. Phys. Chem. A
82(5):758—766. doi: 10.1134/s0036024408050129.

zofuroxans. Adv. Heterocycl. Chem. 29(C):251-340. doi:
10.1016/S0065-2725(08)60789-8.

Received August 12, 2020

Contributors

Baraboshkin Nikita M. (b. 1994) — research engineer, N. D. Zelinsky Institute of Organic Chemistry, Russian
Academy of Sciences, 47 Leninsky Prosp., Moscow 119991, Russian Federation; nikitabaraboshkin@gmail.com

Nesterov Ivan D. (b. 1985) — senior assistant, N. D. Zelinsky Institute of Organic Chemistry, Russian Academy of
Sciences, 47 Leninsky Prosp., Moscow 119991, Russian Federation; idnesterov@gmail.com

Pivina Tatyana S. (b. 1948) — Doctor of Science in chemistry, professor, leading research scientist, N. D. Zelinsky
Institute of Organic Chemistry, Russian Academy of Sciences, 47 Leninsky Prosp., Moscow 119991, Russian
Federation; tsp@ioc.ac.ru

GORENIE I VZRYV (MOSKVA) — COMBUSTION AND EXPLOSION 2020 volume 13 number 3





