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CL-20 based cages in which carbon/oxygen atoms are re-
placed by silicon/fluorine ones are studied using the ab ini-
tio molecular dynamics, density functional theory, and time-
dependent density functional theory. In contrast to the
pristine CL-20, the first step of pyrolysis of these cages is
the migration of oxygen/fluorine atoms to silicon. Molecules
containing fluorine are unstable at room temperature. The
high-energy silicon-containing molecule (CSisHgN1,015) is
approximately as stable as pristine CL-20. Energy barrier
preventing its decomposition is about 200 kJ/mol. Ener-
gies of the frontier orbitals and reactivity descriptors of
CSizHgN1201, are very close to the corresponding values
of pure CL-20. All studied cages can form covalent dimers
via the methylene molecular bridges. It is found that the
reactions of dimerization are exothermic. Dimers’ isomers
in which silicon atoms are located closer to the methylene
bridges possess lower internal energies. It is found that
the mechanisms of dimers' thermal decomposition are sim-
ilar to the analog mechanisms of corresponding monomers.
Dimerization of the cages results in the redshifts of their
ultraviolet spectra.
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state, dimers

Introduction

Hexanitrohexaazaisowurtzitane (HNIW), well-known as CL-20, is one of the most powerful high-energy molecules.[26]
Like octogen (HMX) and hexogen (RDX), CL-20 belongs to the class of the nitroamine explosives. Due to its strained
carbon-nitrogen skeleton with six attached nitro groups, CL-20 possesses much higher performance than HMX.[30]
CL-20 was firstly synthesized from benzylamine and glyoxal in 1987 and began to be produced industrially from
the 1990-s.[31] CL-20 can be obtained in both gaseous and condensed phases. Five different phases of solid CL-
20, known as a, B, v, &, and { modifications, are possible.[27, 33] All of them are the molecular crystals with the
weak van-der-Waals bonds between the CL-20 molecules. However, € modification is the most stable under normal

conditions.[6]

With regard to the practical importance of CL-20, there were many efforts to improve its properties (density,
power, detonation velocity, sensitivity, etc.). The most suitable way to do this is co-crystallization of CL-20 with
the other high-energy molecules that can fill hollows between isolated CL-20s. Co-crystals of CL-20 with HMX,[3]
caprolactam,[9] MDNT,[1] DNT,[22] TNT,[19] TATB,[37] DNDAP,[23] and other compounds were recently prepared
and characterized. All of them demonstrate some advantages over the pristine CL-20. Liu et.al. presented systematic

consideration of different co-crystals based on CL-20.[21]

There are some alternative ways to improve the CL-20 properties. One of them is the use of substitutional deriva-
tives of CL-20, in which one or more carbon atoms are replaced by silicon.[32] Silicon is placed in the same column
of the periodic table as carbon and, therefore, possesses similar properties. Many carbon compounds have their
silicon-substituted analogous. For example, silicon analogs of the high-energy pentaerythrityl tetraazide (PETN) were
successfully synthesized.[15] They possess better sensitivity than the pristine carbon PETN.[24, 25] Another possibil-
ity for improving the CL-20 energy characteristics is to replace the NO, groups by NF, since fluorine demonstrates
the higher oxidation activity than the oxygen. In addition, possible detonation product SiF4 has high negative for-
mation enthalpy in comparison with SiO,.[32] Tan et.al. presented an extensive computational study of all possible
CL-20 derivatives containing silicon and fluorine.[32] According to these calculations, some derivatives possess higher
crystalline densities, decomposition reaction heats, detonation velocities, detonation pressures and explosion temper-
atures, than the pristine CL-20 (for example, heat of decomposition of unsubstituted CL-20 and its silicon derivative
CSisHgN1201, at constant volume are equal to -3241.6 and -5045.3 kJ/mol, respectively). Both pristine and sub-
stituted CL-20s do not have dangling bonds and, therefore, can not form covalent bonds with each other. However,
they presumably can form covalent complexes via the methylene “molecular bridges” after detaching several nitro
groups.[4] Ab initio calculations confirm that dimers and larger covalent complexes based on CL-20 molecules are sta-
ble, and their stability increases with the effective size of the system.[12, 7] Such complexes have higher densities in

comparison with the molecular crystals due to the shorter distances between the CL-20 cages.

Here we present the computational study of CL-20 derivatives containing silicon and fluorine atoms. The mecha-
nisms of their pyrolysis are studied using the ab initio molecular dynamics and potential energy surfaces investigations.
In addition, we study in detail the structure, reactivity and optical spectra of the corresponding dimers in which two

cages are attached to each other through the methylene molecular bridges.
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MATERIALS AND METHODS

We consider three molecules in this study: C4HgN1,015 (pristine CL-20) and its two substituted derivatives, CSisHgN15,012
and C4SipHgN12F15. Their atomic structures are presented in Fig. 1.

ﬁ S
&’

FIGURE 1 Atomic structures of C4HgN12015 (CL-20) (a) and its substituted derivatives CSisHgN1,015 (b) and
C4SioHgN15F 15 (). Gray, blue, red, white, brown and green circles correspond to carbon, nitrogen, oxygen,
hydrogen, silicon and fluorine atoms, respectively.

These derivatives were chosen because they demonstrate the highest heats of decomposition reactions, detona-
tion velocities, and temperatures among all the other compounds.[32] Corresponding dimers are constructed using the
methylene molecular bridges because methylene provides stronger binding than the other possible bridges.[4] Ground
state geometries are optimized in the frame of density functional theory with the Becke’s three-parameter functional
B3LYP.[18, 2] Two electron basis sets 6-311G(d,p)[17] and 6-311G++(2d,2p)[5, 29] are used. Both of them result in
almost the same energies, geometries, and frontier electronic orbitals. Thus, we use the smaller basis 6-311G(d,p) dur-
ing the molecular dynamics run, hessian calculations, transition state search, and optical spectra computing. Terachem
software[34, 35, 14, 8] which provides the high-performance quantum chemical algorithms on graphical processors
is used for most calculations. GAMESS program package[28] is also applied for the local search of transition states
and their validations.

Pyrolysis mechanisms are studied using the ab initio molecular dynamics at constant temperature T = 3000 K with
the Langevin thermostat. Total simulation time is equal to 2 ps, whereas the time step is equal to 0.1 fs. Ten indepen-
dent simulations were performed for each system. Decomposition paths adopted from the molecular dynamics were
optimized in the frame of nudged elastic band (NEB) technique as it was implemented in TeraChem. Configurations
with the highest energies on the NEB paths were additionally optimized using the Hessian-based local algorithm for
the transition state search as it was implemented in GAMESS. Hessian calculations and an intrinsic reaction coor-
dinate approach are carried out to confirm the transition state configuration. To take into account the influence of
vibrational energies on pyrolysis mechanisms, we consider the Gibbs energies G for reactants, products and transition

state configurations. Taking into account the ideal gas approximation, we evaluate Gibbs energy as
G=E+E,jp+RT -TSyip,
where E and Ej, are the ground state and vibrational energies, respectively, S, is the vibrational entropy, R =
8.31 J/(mol-K) is the gaseous constant, T is the temperature.

Electron affinities (EA) and ionization potentials (I1A) of considered compounds are calculated from their HOMO
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and LUMO energies in accordance with the Koopmans' theorem for the closed-shell molecular systems.[16] Descrip-
tors of reactivity, such as chemical hardness (1) and softness (S), the chemical potential (1), electronegativity (x) and
electrophilicity index (w), are determined by the same way as it was made in Ref. [7]. To calculate the ultraviolet
(UV) spectra, all geometries were reoptimized with the CAM-B3LYP functional,[38] which took into account the long-
range Coulomb correlations. Twenty excited states were found using the same CAM-B3LYP approach in the frame of
Tamm-Dancoff time-dependent density functional technique implemented in TeraChem.[11]

RESULTS AND DISCUSSIONS
| Pyrolysis mechanisms of the CL-20 derivatives

CL-20 is a highly strained metastable compound and, therefore, it decomposes at high temperatures with a heat
releasing. According to the previous studies, decomposition of CL-20 starts with the fission of nitro group that in-
duces a skeleton destabilization and further decomposition.[10] So, the NO, fission determines the overall activation
barrier.[10] The N-NO, bond dissociation is a barrierless process, and the corresponding bond dissociation energy
needed for the NO,, fission is about 200 kJ/mol.[20] In Ref. [32] the authors proposed a natural assumption that the
same mechanism (NO, or NF, fission) is also relevant to the CL-20 derivatives. However, this assumption was not
confirmed by our ab initio molecular dynamics simulations.

Observing the evolution of heated CL-20 derivatives, we found two competitive mechanisms of the initial decom-
position step. The first mechanism is the NO, or NF;, fission, and the second one is a migration of O or F atom with
the formation of Si-O or Si-F covalent bond. Migration is possible for the Si-containing CL-20 derivatives because
silicon possesses a larger covalent radius (1.11 A) than the carbon (0.76 A). Corresponding energetic diagrams are
presented in Fig. 2. For the CSisHgN1,015 system, the barrier for the NO, fission is somewhat lower than that for
the O migration. Therefore, the NO5 fission mechanism prevails at room temperature. However, at higher tempera-
tures, one should consider thermal corrections. For example, at T = 3000 K (it is about the half of CL-20 explosive
temperature) O migration mechanism becomes more feasible with regard to the lower Gibbs energy, as it is presented
in Fig. 2a. Anyway, the energy barrier for the CSisHgN12,015 decomposition is about 200 kJ/mol. This value is close
to the corresponding value for the pristine CL-20.[20] Therefore, it can be said that CSisHgN1,015 is as kinetically
stable as pristine CL-20.

In contrast to oxygen, fluorine is able to easily migrate to the silicon atom and to destabilize the C4Si2H6N12F12
cage, see Fig. 2b. So, the C4Si2H6N12F12 system is much less stable. To evaluate its lifetime t before the decompo-
sition, we adopt the Arrhenius formula

~(2)ool-5

where w is the frequency factor, E, is the activation energy, k is the Boltzmann’s constant, T is the temperature.
In our evaluation, we assume the activation energy is equal to the energy barrier (0.18 eV, see Fig. 2b). Frequency

factor w can be defined from the Vineyard formula [36]
_ Nw;
- |-|W/{

Here w and w’ are the real eigenfrequencies (normal modes) for the ground and transition states, respectively.

Note that the numerator in this formula contains an additional factor because the transition state has one imaginary
frequency, which is not taken into account. So, we obtain E; =0.18 eV and w = 1.93-10%° 1/s. In accordance with the
Arrhenius formula, t ~ 0.5 ps at T = 300 K. So, CSisHgN12015 is unstable at room temperature and is barely suitable
for practical applications.

We also stress the fact that the kinetic stability of any cage compound is determined by the energy barrier pre-
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venting its decomposition rather than the strain energy enclosed in its framework. For example, methylcubanes de-
monstrate an inverse relationship between their strain energies and kinetic stabilities.[13] Moreover, initial processes
leading to the CL-20 decomposition do not necessarily involve any framework transformation. For these reasons,
cage strain energy is not a suitable measure of the stability of the CL-20 derivatives, as it is discussed in Ref. [32]. Alt-
hough the CL-20 derivatives containing silicon possess higher strain energies,[32] they are not necessarily kinetically
unstable.

| Dimers of the CL-20 derivatives

According to the previous studies,[4, 12] CL-20 molecules can form covalent dimers via the methylene molecular
bridges (see Fig. 3a). Similar dimers can be constructed from the CL-20 derivatives. Dimers of CSisHgN1,04, and
C4SigHgN12F12 have three and eight possible isomers, respectively. These isomers differ from each other by the
relative positions of silicon atoms. Structures of all isomers as well as their relative energies are presented in Fig.
3. One can see that the isomers in which carbon atoms are located far from the methylene bridges possess lower
energies. This rule holds true for all dimers of both CSisHgN1,015 and C4SioHgN12F 12 systems. So, the presence of
silicon close to the methylene bridges promotes the dimers formation. Unfavorable location of carbon atoms close to
the methylene bridges results in increasing of internal energies by at least ~0.14 eV and ~0.32 eV for the dimers of
CSisHgN12012 and C4SipHgN12F 12, respectively. These values are much higher than the typical thermal energies kT

(even at high temperature of 1000 K kT ~ 86 meV). So, the formation of unfavorable dimers is improbable.

Calculated HOMO and LUMO energies, as well as the quantum descriptors of reactivity for considered systems,

are presented in Table 1.

Values obtained within the 6-311G++(2d,2p) and 6-311G(d,p) basis sets demonstrate good agreement, therefore,
the smaller basis set is found to be sufficient for the CL-20 and its derivatives. CL-20 and CSisHgN1,04, cages have
almost the same energies of frontier orbitals and, therefore, possess rather similar chemical properties and reactivity.
The presence of silicon atoms in the molecular framework does not change significantly the values of HOMO and

LUMO energies since LUMO orbitals mainly concentrate on the nitro groups (see Fig. 4).

On the other hand, C4SioHgN1,F12 and its dimers have much higher LUMO energies due to the presence of
fluorine atoms. As a result, fluorine-containing cages possess higher HOMO-LUMO gaps and chemical hardness,
and significantly lower electrophilicity. For all considered cages, dimers demonstrate lower HOMO-LUMO gaps and
chemical hardness due to their large effective sizes. Such behavior is typical for the most cage-like molecules.

To evaluate the possible energy gain associated with the dimer formation, we consider hypothetical dimerization
reaction in the following form

2M + 2CH, D + 4NX, (X=0 or F),

where M is a monomer (CL-20, CSisHgN12,015 or C4SioHgN12F12), and D is the corresponding dimer. Ther-
modynamic characteristics of these reactions are calculated for the low-energy dimers as a difference between the
corresponding values of energies and Gibbs energies for the products and reactants. Obtained data are presented in
Table 2. Negative values of AE and AG show that the dimerization reaction is energetically favorable. High temper-
ature inhibits dimerization, especially for the CSisHgN1,04, cage. However, AG remains negative for all considered

dimers even at very high temperature of 3000 K.
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To gain further insight concerning the dimerization process, we calculate the binding energies (BE) between ni-
trogen atoms and methylene bridges. In every dimer, two monomers are linked together via four N-CH, bonds, see
Fig. 3. The breaking of these bonds leads to the dimer separation into four fragments (two CH,s and two cages).
So, we define BE of N-CH, bonds as the quarter of energy difference between these fragments and entire dimer.
Obtained BEs are also presented in Table 2. These values of BE are even higher than the value of BE calculated at
the same level of theory for the CH3-NH, molecule (4.20 eV). One can see that BEs for the Si-substituted dimers
are significantly higher than the corresponding values for the CL-20 dimer. Therefore, Si-substituted cages possess a
stronger connection with each other via the methylene bridges than the pristine CL-20s.

During the molecular dynamics simulation of heated dimers, we observe the same pyrolysis mechanisms as for
the corresponding monomers (NO, fission and O/F migration to Si). We have never observed the contribution of
methylene bridges to the initial decomposition step. So, we conclude that dimers are approximately as kinetically

stable as the corresponding monomers.

| UV spectra of the CL-20 derivatives and their dimers

Optical spectra analysis is the common way for the experimental detection of dimerization of isolated CL-20 or its
derivatives. According to our time-dependent density functional calculations, all considered cages, as well as their
dimers, are not active in the visible range due to their hardness. However, they demonstrate an optical response
in the UV range (150 + 250 nm). UV spectra for the CL-20, CSisHgN12012, and C4SioHgN12F1> systems as well
as for the corresponding low-energy dimers are presented in Fig. 5. Dimer formation leads to the redshifts on the
spectra for all considered cages. This effect is expected with regard to larger effective sizes of dimers in comparison
with monomers. The values of redshifts are 29, 25, and 18 nm for the CL-20, CSisHgN1,015, and C4SioHgN1oF 15,
respectively. These values are sufficient for the dimers formation detection using their spectral analysis.

CONCLUSION

Despite the impressive advances in preparing of co-crystals based on the CL-20 cages, we believe that co-crystallization
is not the only way for improving the characteristics of CL-20. In particular, substituted CL-20 derivatives demonstrate
some advantages over the pristine CL-20 and other nitroamine high-energy systems. Computer simulation is a cheap
and suitable way for the selection of the most stable and powerful compounds among a wide variety of CL-20 deriva-
tives. Efforts to synthesize new CL-20-like cages should be preceded by the comprehensive theoretical studies.

In the presented study, we consider pyrolysis mechanisms, stability, and reactivity of two promising silicon CL-20
derivatives as well as their dimers. We obtain that the presence of silicon atoms in the cage changes the mechanisms
of initial pyrolysis step, but does not significantly reduce the stability of the cage. In addition, Si-containing cages are
more prone to dimerization. On the other hand, the simultaneous presence of silicon and fluorine atoms results in the
compound instability.

With regard to the presented results as well as the previously published data, the CSisHgN1,041, compound
seems to be the most attractive structure. It demonstrates higher crystalline densities, decomposition reaction heats,
detonation velocities, detonation pressures, and explosion temperatures than the pristine CL-20.[32] At the same
time, according to the presented results, its kinetic stability, frontier orbitals, and chemical reactivity is very similar to

the CL-20 characteristics. The possibility of CSisHgN12,015 synthesis from the silicon analogies of benzylamine and
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glyoxal or other precursors is a rather difficult task, which requires particular consideration.
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FIGURE 2 Two competitive mechanisms of CSisHgN15,045 (a) and C4SioHgN12F15 (b) decomposition:
NO,/NF; fission versus O/F migration to Si. Black and red lines correspond to the internal energies and Gibbs
energies at T = 3000 K, respectively. Optimized coordinates of stable and transition states are also available in
Supplementary Materials.
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dimers of CL-20, CSisHgN12,012, and C4SioHgN12F15 are labeled as D1-(1), D2-(1), and D3-(1), respectively. Energy
differences between every dimer and the corresponding low-energy dimer are presented in eV. Optimized
coordinates of these compounds are also available in Supplementary Materials.
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FIGURE 4 Frontier orbitals of CL-20 (a), CSisHgN1,015 (b) as well as dimers D1-(1) (c) and D2-(1) (d).
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Compound & & A " n S n
Monomers
CL-20 -8.99(- -3.39(- 5.61(5.69) -6.19(-5.96) 2.8(2.85) 0.18(0.18) 6.83(6.24)
8.81) 3.11)
CSisHgN12019 -8.58(- -3.48(-3.2) 5.1(5.25) -6.03(-5.82) 2.55(2.63) 0.2(0.19) 7.13(6.46)
8.45)
C4SigHgN1oF 12 -8.29(- -2.06(- 6.23(6.39) -5.18(-4.87) 3.11(3.19) 0.16(0.16) 4.3(3.71)
8.06) 1.67)
Dimers
D1-(1) -7.64(- -3.06(- 4.58(4.66) -5.35(-5.12) 2.29(2.33) 0.22(0.21) 6.24(5.64)
7.45) 2.79)
D2-(1) -7.79(- -3.15(- 4.64(4.74) -5.47(-5.26) 2.32(2.37) 0.22(0.21) 6.46(5.84)
7.63) 2.89)
D2-(2) -7.62(- -3.27(- 4.35(4.46) -5.45(-5.26) 2.18(2.23) 0.23(0.22) 6.82(6.21)
7.49) 3.03)
D2-(3) -7.58(- -3.26(- 4.32(4.46) -5.42(-5.25) 2.16(2.23) 0.23(0.22) 6.81(6.17)
7.48) 3.02)
D3-(1) -7.39(- -1.85(- 5.54(5.69) -4.62(-4.34) 2.77(2.84) 0.18(0.18) 3.85(3.3)
7.18) 1.49)
D3-(2) -7.46(- -1.83(- 5.63(5.8) -4.65(-4.35) 2.81(2.9) 0.18(0.17) 3.84(3.27)
7.25) 1.45)
D3-(3) -7.44(- -1.86(- 5.55(5.68) -4.64(-4.33) 2.78(2.84) 0.18(0.18) 3.87(3.3)
7.17) 1.49)
D3-(4) -7.41(- -1.87(- 5.54(5.69) -4.64(-4.31) 2.77(2.84) 0.18(0.18) 3.89(3.26)
7.15) 1.46)
D3-(5) -7.31(- -1.82(- 5.49(5.63) -4.56(-4.26) 2.75(2.82) 0.18(0.18) 3.79(3.23)
7.08) 1.45)
D3-(6) -7.37(- -1.87(- 5.49(5.64) -4.62 2.75(2.82) 0.18(0.18) 3.88(3.27)
7.11) 1.47) (-4.29)
D3-(7) -7.3(-7.05) -1.88(- 5.41(5.55) -4.59(-4.27) 2.71(2.78) 0.18(0.18) 3.89(3.28)
1.49)
D3-(8) -7.25(- -1.88(- 5.37(5.49) -4.57(-4.24) 2.69(2.74) 0.19(0.18) 3.89(3.27)
6.98) 1.49)

TABLE 1 . Electronic properties and descriptors of reactivity for CL-20 derivatives and their dimers. HOMO
energy €H (eV), LUMO energy ¢ (eV), HOMO-LUMO gap A = ¢ - g (eV), chemical potential u = (e4+ €.)/2 (eV),
chemical hardness = A/2 (eV) and softness S = 1/(2n) (V1) as well as electrophilicity w = p2/(2n) are presented for
every compound (see Ref. [7] and references wherein for the information about chemical descriptors). Values are
calculated using the 6-311G++(2d,2p) basis set, whereas values in parenthesis are calculated using the smaller
6-311G(d,p) basis set. .
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Dimer  AE  AG(300K) AG(3000K)

D1-(1) -861  -8120 2606 439
D2-(1) -832  -7716 -68.5 497
D3-(1) -84  -7861 1438 473

TABLE 2 . Energies (AE, €V) and Gibbs energies (AG, kJ/mol) of dimerization reactions 2M + 2CH, D + 4NX,
(X=0 or F; M = monomer CL-20, CSisHgN1201, or C4SioHgN12F12; D is the corresponding low-energy dimer,
presented in Fig. 3). Binding energies (BE, eV) for the N-CH, bonds in the dimers are also presented. .
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