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Computational details

Computations were carried out using the Gaussian 09 program suite'. The structure
optimizations are performed with M06-2X/def2-TZVPP and characterized to be true local
energy minima on the potential energy surface and no imaginary frequencies were found.
Heat of formation (HOF) is a measure of energy content of an energetic material that can
decompose, ignite and explode by heat or impact. It enters into the calculation of explosive
and propellant properties such as detonation velocity, detonation pressure, heat of detonation
and specific impulse. However, it is impractical to determine the HOF of novel energetic
materials because of their unstable intermediates and unknown combustion mechanism. The
calculated total energies (E)), zero-point energies (ZPE), and thermal corrections (H7) at the
MO06-2X/def2-TZVPP level for the reference and target compounds used in isodesmic
reactions are listed in Table S1. The gas phase HOFs (HOFg,) have been predicted by
designing appropriate isodesmic reactions. In an isodesmic reaction, the number of each kind
of formal bond is conserved according to bond separation reaction (BSR) rules. The target
molecule is broken down into a set of heavy atom molecules containing same component
bonds. BSR rules cannot be applied to the molecules with delocalized bonds and cage

skeletons because of large calculated errors of HOFs. In view of the above, present study
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involves the design of isodesmic reactions in which FOX-7 core kept invariable to decrease
the calculation errors of HOF. The usage of the HOFg, in the calculation of detonation
properties slightly overestimates the values of detonation velocity and detonation pressure,
and hence, the solid phase HOF (HOFs,;;;) has been calculated which can efficiently reduce
the errors. The HOFs,;; is calculated as the difference between HOFg,; and heat of

sublimation (HOF's,;) as,

HOF

0

g = HOF g, — HOFg,, (1)

The heat of sublimation (HOF(,;), which is required to convert the HOF s to the HOFs,;4,

was calculated from Equation (2),?

HOFy,, = 0.000267 A® + 1.650087 (v,

tot

0.5
) - 2.966078 o)

where, A4 represents the surface area of the 0.001 electrons/bohr?® isosurface of electronic

density, v denotes the degree of balance between the positive and negative surface potentials,

2
and “tot is the electrostatic potential variance. These molecular surface properties were
obtained using the Multiwfn program? and listed in Table S2. The heats of sublimation for

FOX-7 and 2T-FOX are 119.4 and 125.21 kJ/mol, respectively.

Table S1. Calculated total energies (£)), zero-point energies (ZPE), thermal correction (Hy),

and HOF g, for the reference and target compounds.

Reference Compd. E, ZPE Hry HOF 45
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(a.u.) (a.u.) (a.u.) (kJ/mol)
FOX-7 -598.233189 0.0935 0.1037 9.95
I;I -313.547217 0.0647 0.0698 323.802
Y
N~
NH; -56.513652 0.034518 0.0038 -45.9°
2T-FOX -1112.261432 0.1506 0.0168 749.47

a0btained from http://webbook.nist.gov

Table S2. Calculated molecular surface properties of FOX-7 and 2T FOX.

Surface Volume 0210 o, o’ Balance
Compd. area (A% (kcal/mol) | (kcal/mol) | (kcal/mol) | Parameter
(A% ()
FOX-7 150.97 143.68 429.37 334.97 94.39 0.1715
2T-FOX 250.63 262.74 417.78 375.47 42.31 0.0910

2
Surface area and volume are computed on the 0.001 au molecular surfaces. Ttot indicate the

2
variability of the electrostatic potential, 9+ denote the variance of the positive surface

2
potentials, 9~ denote the variance of the negative surface potentials, and v is the degree of
balance between the positive and the negative potentials on a molecular surface and is

unitless.

The density has been referred to as “the primary physical parameter in detonation
performance” of explosives*!?. For example, the important performance attribute of
detonation velocity is proportional to density, while the detonation pressure is proportional to
the square of the initial density'!:!2. An increase in density is also desirable in terms of the
amount of material that can be packed into volume-limited warhead or propulsion
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configurations. The densities (p) for designed compounds were calculated using the
Polymorph module in Materials Studio with Dreiding forcefield. Oxygen balance (OB) is one
of the parameter of quantifying how well an explosive provides its own oxidant!3. Most of the
energy released comes from oxidation (reaction with oxygen), the amount of oxygen
available is a critical factor. If excess oxygen molecules are remaining after the oxidation
reaction, the oxidizer is said to have a ‘positive’ OB. If the oxygen molecules are completely
consumed and excess fuel molecules remain, the oxidizer is said to have a ‘negative’ OB. If
neutral OB (OB = 0%), means that there is exactly enough oxygen for the complete oxidation.
It is reported that the heat of detonation (Q) reaches a maximum for an OB of zero, since this
corresponds to the stoichiometric oxidation of carbon to carbon dioxide and hydrogen to
water. The OB can therefore be used to optimize the composition of the explosive to give an
OB as close to zero as possible. In addition, knowledge of OB in explosives can be applied is
in the processing of mixtures of explosives. OB (%) for an explosive containing the general

formula C,H,N_O4 with molecular mass M can be calculated as,

(d - 2a - 0.5b)
0B(%) = - X 1600

4

A prime concern in the area of energetic materials (explosives and propellants) is sensitivity.
Sensitivity refers to the vulnerability of a material to unintended detonation due to an
accidental stimulus (impact, shock, electrical sparks, etc.) 42!, Sensitivity depends upon a
number of different factors: molecular and crystal properties, the physical state of the
compound, environmental conditions, the nature of the stimulus, etc. Partly for these reasons,
reproducibility of measured values is notoriously difficult. Experimentally, great care is
required to employ very specific and uniform procedures and conditions in preparing and

testing the materials; and most of the times these procedures provide crude and qualitative
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estimates. In view of the computational work, a large number of correlations have been
established between different types of sensitivity and a remarkable array of individual
molecular or crystal properties. These properties include the strengths or lengths of certain
bonds, electronic energy levels, molecular electrostatic potentials, heats of fusion or
sublimation, band gaps, NMR chemical shifts, the efficiencies of lattice-to molecular
vibrational energy transfer, atomic charges, electronegativities, substituent constants, etc. In
the present work, we used the bond dissociation energies (BDEs) value to correlate the
thermal stability of energetic molecules. In energetic materials, generally, C-NO,, N-NO,
and O-NO, are the weakest bond which easily ruptures on applying external stimuli. In
previous reports, evidence indicates that a key initiation step is the rupture of a specific type
of bond, a “trigger linkage”. Hence, we have calculated the bond dissociation energy (BDE)

of longest N-NO, bond using following equation (5) at M06-2X/def2-TZVPP level,

BDE=[Ep) + Epo] — Eri_p2 ®)

where Erjro, Eri, and Eg, are the total energies with zero-point energy correction of the
precursor and the corresponding radicals produced by bond dissociation (see Table S3).
Politzer et al.?? established the correlation between free space in the crystal lattice (4V) of
energetic material and sensitivity. The computed overall surface area, positive and negative
electrostatic potentials of FOX-7 and 2T-FOX are listed in Table S4. The free space per
molecule was calculated by subtracting the effective volume per molecule (V.5 and the

intrinsic gas phase molecular volume (V;,,) as given in Eq. (6),

AV=V,rr=Vipe (0)
For the safe handling, transport, and storage of high-energy materials (HEMs), newly

developed compounds must demonstrate sufficient stability and insensitivity to meet the
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necessary standards. Politzer et al.?® proposed an equation for Impact sensitivity (/4s9), based
on statistically defined molecular electrostatic potential parameters given in Eq. (7). A5 refers
to the height (in cm) from which a standard weight dropped on an explosive material has a
50% chance of initiation or detonation. higher (4sy) value is preferred as lower ks, values
indicate greater sensitivity, meaning the material is more likely to initiate when subjected to
impact.

hso=(-0.00640 ;) + 241.42v - 3.43 %

o.” represents the positive variance, and v signifies the balance of charges between the

positive and negative surface potentials.

Table S3. Calculated total energies (Ey) of R-NO,, R, and NO, at the M06-2X/def2-TZVPP

level, used in the prediction of bond dissociation energies.

Compound Ey(a.u.)
R-NO, R NO,
FOX-7 -598.233189 -393.052090 -205.064437
2T-FOX -1112.261432 -907.100596 -205.064437

Table S4. Calculated overall surface area, positive and negative electrostatic potentials of

FOX-7 and 2T-FOX.

Overall Positive Negative Positive Negative
Compd.
surface area | surface area | surface area Potential Potential
(A% (A% (A% (%) (%)
FOX-7 150.97 77.04 73.92 51 49
2T-FOX 250.63 128.42 122.21 51 49
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QTAIM Analysis

The topological analysis of electron densities was performed by using atoms in molecules

(AIM) theory.?*?¢ The wave functions extracted from the MO06-2X/def2-TZVPP level

calculation was used to compute the electron density (p) and the corresponding Laplacian

(?p) values at the bond critical points (BCPs). Table S5 summarize the computed QTAIM

topological parameters at the (3, -1) bond critical point for the FOX-7 and 2T-FOX. The

characteristics of the bond critical point (BCP) were obtained in terms of the electron density

(p) and its Laplacian (( ?p) at the critical point, the total electron-energy density (Hpcp), the

electron potential energy density (Vzcp), and the Lagrangian kinetic energy (Gpcp). The

relations between these parameters are shown in equations (8) and (9):

A

Pp = 2Gpcp + Vacr

Hpcp= Gpep + Ve

(8)

©)

The hydrogen-bond energy (Ey) was obtained by using Equation (10), proposed by Espinosa

et al.2?

EH = VBCP/2

(10)

Table S5. Computed QTAIM topological parameters at the (3, -1) bond critical point for the

FOX-7 and 2T-FOX using M06-2X/def2-TZVPP level of theory.

Compd | CP | Interaction | Bond | pgcp | Gpep | Vacer | Ppec | Hper | -G/V
Length | (au) (au) (au) P (au) | (auw)

A) (au)
FOX-7 | 33 | N1-H2...03 1.83 0.037 | 0.035 | -0.037 | 0.133 | -0.002 | 0.947
15 | N7-HS8...09 1.83 0.037 | 0.035 | -0.037 | 0.133 | -0.002 | 0.947
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2T- 48 | N1-H2...03 | 2.01 0.023 | 0.022 | -0.020 | 0.097 | 0.002 | 1.109
FOX

49 | N4-H5...06 | 2.01 0.023 | 0.022 | -0.020 | 0.097 | 0.002 | 1.111

Table S6. Reported physicochemical, energetic and safety properties of various FOX-7

derivatives (shown in Figure 1).

HOF* pb Trf D¢ Pe IS | FS¢
Compound Ref.
(kJ/mol) | (g/em’) | (°C) | (km/s) | (GPa) | (J) (N)
i 354 1.88 164 8.94 354 20 240 [28]
ii -175.0 1.90 75 8.9 37.7 17 - [29,30]
iii 55.8 1.90 135 8.8 35.8 20 240 [29,31]
iv -260.9 1.75 - 8.6 32.1 19.6 16 [32]
v - - - - - - - [32,33,34]
vi - - - - - - - [35]
vii - - - - - - - [35]
viii - - - - - - - [35]
ix -74.2 1.79 209.2 8.28 28.9 | >40 | >360 [35]
X 61.8 1.65 - 7.9 232 | >40 | >360 | [35,36]
xi 71.6 1.78 124.5 8.80 33.8 6 - [37,38]
xii
- - - - - - - [37]

aHeat of formation (kJ/mol), PDensity (g/cm?), ‘Decomposition temperature (°C), Detonation

velocity (km/s), *Detonation pressure (GPa), f Impact sensitivity (J), eFriction sensitivity (N).
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Designed isodesmic reaction

N02 N02
H
NO, NO, i |
NG
+ 2 NH, N — N NH NH N, + 2NH4
\ N %I/ \r/ N\
NH, NH N—N
? : \\N,NH NH~1\{/

Figure S1. Designed isodesmic reaction for the 2T-FOX.

Optimized structures with selective bond lengths and angles

9 J

Figure S2. Selective bond lengths (A) and angles (°) in FOX-7
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FOX-7 2T-FOX

Figure S4. Mulliken charge distribution of FOX-7 and 2T-FOX.

Optimized Cartesian coordinates
Table S7. Optimized coordinates of FOX-7 at M06-2X/def2-TZVPP level of theory.

6 1.362323000  0.000238000 -0.000139000
6  -0.048825000  0.000034000 -0.000225000

7 -0.803568000  1.209890000  0.097484000
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Table S8. Optimized coordinates of 2T-FOX at M06-2X/def2-TZVPP level of theory.

6

6

-0.255969000

-1.915903000

-0.803083000

-1.915544000

-0.254976000

2.064019000

2.063790000

3.048998000

1.556416000

3.048682000

1.555951000

0.001197000

-0.000763000

1.094114000

-1.090563000

2.422077000

3.076958000

3.255520000

4.326488000

4.440447000

-2.418727000

-3.254747000

-3.071295000

2.257230000

1.172502000

-1.210163000

-1.173291000

-2.257163000

-1.130799000

1.131458000

-1.127725000

-1.994020000

1.128610000

1.994573000

-0.596971000

0.787626000

-1.332010000

-1.334296000

-1.041104000

-1.659960000

-0.191495000

-1.164461000

-0.281815000

-1.043525000

-0.201884000

-1.654187000

-0.253957000

0.554134000

-0.097587000

-0.553970000

0.254015000

0.126662000

-0.126604000

-0.065692000

0.255969000

0.066207000

-0.255763000

0.000836000
-0.000493000
0.319205000
-0.316538000
-0.021482000
-0.965062000
0.593322000
-0.922659000
-0.001793000
0.023663000
-0.598738000

0.974137000
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7  -4.438680000 -0.288511000 -0.001411000
7 -4.321833000 -1.161664000  0.928253000
1 0.929060000 -2.292005000  0.586316000
1 -0.924268000 -2.293800000 -0.584598000
1 3.078430000  0.438314000  1.366929000

1 -3.079180000  0.422337000 -1.377209000
7 0.879900000  1.549612000  0.839469000

8 1.246400000  2.630491000  0.463974000

8 1.226782000  1.022570000  1.891477000

7 -0.885204000  1.544188000 -0.842073000
8 -1.260570000  2.621909000 -0.466344000
8 -1.225674000  1.015577000 -1.895278000
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