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ABSTRACT

Tetrahedrane is most strained and the smallest cage compound. It attracts organic chemists because of
its unusual bonding nature and highly symmetrical structure. However, many efforts to isolate the
parent tetrahedrane have been unsuccessful because of the high reactivity and very short lifetime
caused by the strain in this molecule. Modeling of molecules for determination of structural
properties of them prior to synthesizing molecule in the laboratory is an important method. The
computational chemistry is more completely in understanding a problem. In present study, the density
functional theory (DFT-B3LYP) method with 6-31G (d) basis set was used for optimizing and
studying the electronic structural and detonation properties of tetrahedrane derivatives at 298.15 K
temperature and 1 atmosphere pressure. The results show the tetrahedrane system with more electron
withdrawing groups will be deviated from standard and stable state. And also, the -NHNH,, -
NHNO,, -NO, and -ONO, groups give the detonation property to the tetrahedrane system.
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INTRODUCTION

Tetrahedrane (tricycle [1.1.0.0* *]butane)
i1s a most highly strained ring system with
having a carbon framework demonstrated
by the simplest connected cubic graph [1].
It is a very important and interesting system
for novel high-tech compounds [2]. For
more decades, scientists have been trying to
prepare it [3]. Nevertheless, few derivatives
of this compound such as tetrakis
(trimethylsilyl) tetrahedrane has been
synthesized as yet [4]. But, theoretically
properties of this cage-like structure were
discussed completely [5-7]. For
determining structural properties of the
molecules, modeling a molecular system
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prior to synthesizing molecule in the
laboratory is an important method. The
preparing a compound could need months
of labor and raw materials, and generates
toxic waste [8-12]. On the other hand, the
computational ~ chemistry 1S  more
completely in understanding a problem
[13]. There are some properties of a
molecule that can be obtained theoretically
more easily than by experimental means
[14]. Density functional theory (DFT) has
become very popular in recent years. This is
justified based on the pragmatic observation
that it is less computationally intensive than
other methods with similar accuracy [15,
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16]. In the present work, we are studied
theoretically fifty two derivatives of
tetrahedrane (-CHj3, -F, -CN, -OH, -COOH,
-CONH,, -NH;, -NHNH,;, -NHNO,, -NO3, -
NO, -ONO; and —Nj3 substituents) by using
quantum chemical treatment. All molecules
properties were investigated at B3LYP/6-
31G(d) level of theory. The B3LYP/6-
31G(d) method is used for this reason that
B.S. Jursic has introduced it as the best
method for the tetrahedrane system in 2000
[17].

COMPUTATIONAL METHOD
All of our theoretical studies in this work
were performed with the Gaussian 03
package [18] using the B3LYP method with
6-31G(d) basis set. The term of B3LYP
consists of the Vosko, Wilk, Nusair
(VWN3) local correlation functional [19]
and Lee, Yang, Parr (LYP) correlation
correction functional [20, 21]. The
B3LYP/6-31G(d) was used as implemented
in the Gaussian computational study. The
geometry of structures was optimized
without any structural or symmetry
restrictions. The studied methods were used
to predict the HOF of the molecule via
atomization reaction. Vibrational analyses
without any symmetry constraints were
done for each set of calculations.
Theoretical ~ calculations  have  been
performed in the gas phase [22]. To
calculate the density of structures, the
molecular volume data was required. The
molecular volume V was defined as inside a
contour of 0.001 electrons/bohr’ density.
The computational molecular density p
(p=M/V, where M = molecular weight) was
also  calculated. @ The computational
molecular density p (p=M/V, where M =
molecular weight) was also calculated.
Oxygen balance (OBg) 1S an expression
that is used to indicate the degree to which
an  explosive (C,HyOcNg) can be
oxidized. OBy was calculated as follows:
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where: a = number of atoms of carbon, b =
number of atoms of hydrogen, ¢ = number
of atoms of oxygen.

The atomization reactions method has
been performed very successfully to
calculate heat of formations (HOFs) using
total energies obtained from density
functional theory (DFT) calculations. The
mathematical analysis of equations was
carried out with Matlab® R2014a package
[23].

RESULTS AND DISCUSSION

This section shows and discusses the results
consisting the geometry, Mulliken atomic
charges, frontier orbitals energy,
electrophilicity, heat of formation (HOF),
detonation properties, thermal stability and
natural bond orbitals (NBOs) for all
structures at the B3LYP/6-31G(d) level of
theory.

The Geometry of the Structures

We were computed successfully the
structural properties of tetrahedrane system
derivatives (Scheme 1) with DFT methods
at 293.15 K and 1 atmosphere. The
geometric structure of the studied molecule
is showed in Figure 1. We have seen
whatever the number of withdrawing
groups on the tetrahedrane system
increases, the structure will be destroyed
and converted into the cyclobutene and
cyclobutadiene. The Mulliken atomic
charges of the molecules at studied level of
theory are listed in Table 1. As seen from
the data, the carbon atoms attached to the
substituents and the carbon atoms attached
to hydrogen have positive and negative
charges, respectively. This factor makes the
covalent oc.c bonds find small ionic
property. Then, the tetrahedrane system
with more electron withdrawing groups will
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be deviated from standard and stable state.
This effect is more visible in the
composition H1. For this reason, it is most
unstable structure.

The Frontier Molecular Orbital Energies
of the Structures

Table 2 shows the HOMO and LUMO
energies (¢) of the molecule computed at
the B3LYP/6-31G(d) level of theory.
Density functional theory (DFT) methods
have many important applications to
chemistry. In DFT methods, two important
parameters, the electronic  chemical
potential p and the absolute hardness n help
us to characterize chemical systems. The
electronic chemical potential (the negative
of the electronegativity, -y = p) is a
thermodynamic measure of the electron
tendency to scarper from the electron cloud,
and is pertained to both electronic affinity
and ionization potential characters. The
global hardness m is defined as a feature
that branched from the p. The hardness 7 is
a measure of the structures resistance to a
change in its electronic configuration. If n >
0, the stability increases and the reactivity
of the species decreases. In other words, the
charge transfer process is energetically
adjutant [24]. The ionization energy and
electron affinity can be tabernacle by the
frontier molecular orbitals HOMO and
LUMO energies, respectively (I = - [gomo
and A = - [rumo) [25]. The electronic
chemical potential is half-way between the
HOMO and the LUMO on the energy scale.
The gap of the HOMO and the LUMO
energies is equal to 2n (both the electronic
chemical potential and the hardness are
measured in electron-volts).  Electron
transfer between reactants occurs between
the molecular orbitals of HOMO and
LUMO. The index o 1is defined as
electrophilicity character that measures the
energy stabilization when the system
obtains an additional electronic charge from
the environment. So, we can acquire the
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reactivity indexes such as p, 1 and ® from
frontier orbitals energies by following

equations:
(ELUMO + EHOMO)
nev) =— >
n (eV) = ELUMO — EHOMO
V) = he
o (V) =5

The index o denotes electrophilicity power
1.62,2.06, 1.52, 1.72, 1.64, 1.59, 1.22, 1.17
and 1.31 for Csz, CzHF, BH3, HNO}, CSz,
C4H4, Azulene, Anthracene and Perylene
respectively [26]. In this study, index o
value of the structures has been calculated
by the application of density functional
theory using B3LYP/6-311G(d) basis set
(Table 2). From the data, it is obtained that
the molecules have low -electrophilicity.
And also, whatever the number of groups
on the tetrahedrane system increases, index
o value of the structures is larger.

Predicted Heat of Formations (HOFYS),
Densities and Detonation Properties of the
Structures

The heat of formation (HOF) of a
compound is the change of enthalpy from
the formation of 1 mole of the compound
from its constituent eclements, with all
substances in their standard states at 1
atmosphere [27]. The HOF values of the
studied structures were calculated at
B3LYP/6-31G(d) level of theory and listed
in the table 3. In the present study,
atomization reaction method is employed
for calculation of HOFs. Because of high

strained geometry of the tetrahedrane
structure, there is a detonation effect
possible for the compounds. Then,

important parameters of a detonation
compound (C,H,O:Ny) such as density (p),
detonation velocity (D), and detonation
pressure (P) can be predicted by the
empirical Kamlet-Jacobs equations [28] as
follows:
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Stoichiometric ratio

parameters c>2atb/2
N (b+2c+2d)/AMW
M AMW/(b+2c¢+2d)
Q (28.9b+94.05a+0.239AHST )/ MW

2atb/20c=b/2 b/200c
(b+2c+2d)/4AMW (b+d)2MW
(56d+88c-8b)/(b+2c+2d) (2b+28d+32¢)/(b+d)

[28.9b+94.05(c/2-
b/4)+0.239AHfI 1 )/MW

(57.8¢+0.239AHIT1)/MW

D=1.01(NM"2Q"*)"4(1+130p)
P=1.558p"NM"*Q""?

where D: detonation velocity in km/s, P:
detonation pressure in GPa, p: density of a
compound in g/cm’, N: moles of gaseous
detonation products per gram of explosive
(in mol/g), M: average molecular weight of
gaseous products (in g/mol), Q: chemical
energy of detonation in kJ/g. Table 2
collects the predicted V, p, Q, D and P of
the structures. The structures density was
computed from the molecular volume,
while the molecular volume for each
structure was gained from the statistical
average of 100 single-point calculations
for optimized compound. The molar
volume was defined as inside a contour of
0.001 e/Bohr’ density that was evaluated
using a Monte Carlo integration
implemented in the Gaussian 03 package.
For RDX and HMX, experimental value of
D and P are 8.75 km/s, 9.10 km/s and
34.70 GPa, 39.00 GPa, respectively [29].
The RDX and HMX are the current
standards for detonation behavior [30].
Comparing these values with tetrahedrane
derivatives, H1 (has detonation velocity
value of 11.393 km/s and detonation
pressure value of 46.429 GPa), H3 (has
detonation velocity value of 10.14 km/s
and detonation pressure value of 47.199
GPa), 12 (has detonation velocity value of
9.654 km/s and detonation pressure value
of' 45.534 GPa), I3 (has detonation velocity
value of 9.237 km/s and detonation
pressure value of 39.743 GPa), 14 (has
detonation velocity value of 9.792 km/s
and detonation pressure value of 46.395
GPa), J3 (has detonation velocity value of
9.333 km/s and detonation pressure value
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of 41.321 GPa), J4 (has detonation velocity
value of 10.03 km/s and detonation
pressure value of 49.743 GPa), L1 (has
detonation velocity value of 8.886 km/s
and detonation pressure value of 37.841
GPa), L3 (has detonation velocity value of
10.532 km/s and detonation pressure value
of 57.706 GPa), shows them to be more
powerful explosives than the standard
explosives HMX and RDX.

The Effect of Substituent
Electrophilicity Power

Figure 2 shows a comparison of the ®
values for the tetrahedrane derivatives by
the number of substituents. The
tetrahedrane derivatives have different
electrophilicity index values, for example,
the largest and the smallest values are
0.24388 (K4) and 0.00159 (H1) a.u.,
respectively. As seen from the Table 2 and
Figure 2, the ® index values increase by
substituent  numbers increasing (n:
4>3>2>1). And also, it can be deduced that
the substituent effect order on tetrahedrane
system electrophilicity power may be in
the order of
K>J>1>1>D>E>M>F>C>B>G>H>A. In
other words, the electron withdrawing
substituents increase the o index.

on the

The Effect of Substituent on the Hof

Figure 3 shows a comparison of the heat of
formation values for the studied molecules
by the number of substituents. The
tetrahedrane derivatives have different
HOF values, for example, the largest and
the smallest values are 5204.243 (H1) and
-1324.512 (E4) kJ/mol, respectively. As
seen from the data (Table 3), the HOF
values of the A, B, C, E, F, I, J, L series
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increase by decreasing the number of
substituents (n: 1>2>3>4). In series of D,
M, K the HOF wvalues increase by
substituent  numbers increasing  (n:
4>3>2>1). The HOF values of the G and H
series increase by the order of n: 3>4>2>1
and n: 1>3>4>2, respectively. These
results indicate that the HOF parameter
isn't related to the electronic and spatial
effects of the substituents. As seen from
the Figure 3, the HI1 molecule has
maximum value of the HOF between all
structures. The Mulliken atomic charges
data (Table 1) shows the large gap of the
charges in 6-(Cy-Cngnmz) bond of this
molecule. This factor makes the covalent
bond finds small ionic property. For this
reason, it is most unstable structure.
Comparing NBO analysis (Table 4) of the
H1 with tetrahedrane and H2 shows this
molecule uses from less amount of p
orbital in Cy-Cypnpz hybrid. Since we
know the bonds in cage compounds use
from more value of p orbital, then this
makes the structure unstable. We can be
deduced the HOF parameter is related to
the type and hybrid of bonds.

The Effect of Substituent on the Heat of
Explosion (Q)

Figure 4 shows a comparison of the Q
values for the tetrahedrane derivatives by
the number of substituents. The
tetrahedrane derivatives have different heat
of explosion values, for example, the
largest and the smallest values are
15158.647 (H1) and 148.211 (B4) kl/g,
respectively. As seen from the data (Table
3), the Q values of the A, B, C, D, E, F, G,
H, I, J, L series increase by decreasing the
number of substituent (n: 1>2>3>4). The Q
values of the K and M series increase by
the order of n: 1>2>4>3 and n: 1>4>2>3,
respectively. It can be deduced that the
heat of explosion value is related to the
geometry of the molecules. Whatever the
original structure of the tetrahedrane
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backbone remains intact, the molecule is
under more pressure and is unstable. Then
the heat of explosion of it is more. As seen
from the Figure 4, the H1 molecule has
maximum value of the Q between all
structures. As mentioned above, this
molecule is unstable because of the type
and the hybrid of bonds.

The Effect of Substituent on the Density
of Explosion (p)

Figure 5 shows a comparison of the p
values for the tetrahedrane derivatives by
the number of substituents. The
tetrahedrane derivatives have different
density of explosion values, for example,
the largest and the smallest values are
2484 (B3) and 0922 (A3) glem’,
respectively. As seen from the data (Table
3), the p values of the structures randomly
change by increasing the number of
substituents.

The Effect of Substituent on the Velocity
of Detonation (D)

Another main property for the explosives
is velocity of detonation (D). Figure 6
shows a comparison of the velocity of
detonation values for the tetrahedrane
derivatives by the number of substituents.
The tetrahedrane derivatives have different
D values, for example, the largest and the
smallest values are 11.393 (H1) and 1.587
(B3) km/s, respectively. It is obtained from
Figure 6, the velocity of datonation values
of the molecules randomly change by
increasing the number of substituents. As
seen from the data (Table 3), the
detonation velocity of structures H1, H3,
12, 13, 14, J3, J4, L1 and L3 is more than
RDX. In other words, the —NHNH,, -
NHNO,, -NO; and -ONO, groups give the
detonation property to the tetrahedrane
system. It can be deduced, the velocity of
detonation property is related to the
geometry of structures and type of the
substituents.
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The Effect of Substituent on the Pressure
of Explosion (P)

A main parameter for the explosives is
pressure of explosion (P). Figure 7 shows a
comparison of the pressure of explosion
values for the tetrahedrane derivatives by
the number of substituents. The
tetrahedrane derivatives have different P
values, for example, the largest and the
smallest values are 57.706 (L3) and 1.328
(B3) km/s, respectively. It is obtained from
Figure 7, the pressure of explosion values
of the molecules randomly change by
increasing the number of substituents. As
seen from the data (Table 3), the pressure
of explosion of structures H1, H3, 12, 13,
14, J3, J4, L1 and L3 is more than RDX. In
other words, the -NHNH,, -NHNO,, -NO,
and -ONO, groups give the detonation
property to the tetrahedrane system. It can
be deduced, the pressure of explosion
property is related to the geometry of
structures and type of the substituents.

Comparison of Velocity of Detonation of
the Structures by Electrophilicity Index
Values
Every polynomial of degree 3 has some
important points such as extermum point
and inflection point. These points give us
important information about the behavior
of polynomial's graph. On the other hand,
since using of polynomial is very simple,
we approximate data with polynomial. In
this section, we approximate data which
were obtained in the Table 3 with
polynomial of degree 3. Then according to
the approximation polynomial, we
consider about behavior of data around
critical points. By approximating the data
set (Table 3) with a polynomial of degree
3, we have:
y = —784.39x3 + 204.4x? + 6.4112x
+ 5.7606
Figure 8 shows a comparison of the
velocity of detonation values for the
tetrahedrane derivatives by the
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electrophilicity indexes. As seen from the
Figure 8, there are some critical points. If
we compute the first and second
derivatives of D-® equation, we can obtain
theoretical points. The first and second
derivatives are obtained as following:

dy

a = —2353.17x% + 408.8x + 6.4112
d?y
— = —-4706.34x + 408.8
dx?

Figures 9 and 10 show the graphs of the
first and second derivatives, respectively.
The first derivative has two roots -0.0145,
0.1882 and the second derivative has one
root 0.0869. However, we have two critical
points 0.1882 and 0.0869 in the interval [0,
0.25]. So, the graph of D-o has one
extermum point at 0.1882 and one
inflection point at 0.0869. Because of sign
of second derivative at 0.1882 which is
negative, so the velocity of detonation is
maximum at this point, i.e. the structures
have maximum velocity of detonation in
this case. In other words, the velocity of
detonation increases in the interval [O,
0.1882] and then decreases in the interval
[0.1882, 0.25]. According to the inflection
point 0.0869, we can say the increasing
rate of velocity of detonation grows up in
the interval [0, 0.0869] and drops in the
interval [0.0869, 0.1882]. However, the
velocity of detonation increases from 0 to
0.0869 faster than from 0.0869 to 0.1882,
then, the velocity of detonation reduces
after critical point 0.1882.

Comparison of Pressure of Explosion of
the Structures by Electrophilicity Index
Values

Similarly data set D-o, the data set P-o can
be approximated by a polynomial of
degree 3 as following:

y = —7499x3 + 2061.7x? — 0.0869x
+ 14.73



M. Nabati et al./J. Phys. Theor. Chem. IAU Iran, 13 (1) 35-59: Spring 2016

Figure 11 shows a comparison of the
pressure of explosion values for the
tetrahedrane derivatives by the
electrophilicity indexes. By computing the
first and second derivatives of P-o
equation, we have:

dy

i —22497x% + 4123.4x — 0.0869
d?y
—— = —44994x + 4123.4
dx

Figures 12 and 13 show the graphs of
the first and second derivatives,
respectively. One can find extermum and
inflection points of P-o equation by
computing roots of its first and second
derivatives, respectively. The roots of the
first derivative equation are 0.1833, -0.000
and the root of second derivative equation
is 0.0916. The root -0.000 is not in the
interval [0, 0.27], so we have one
extermum point at 0.1833 and inflection
point at 0.0916. As we can see from the
Figure 11, the structures have maximum
pressure of explosion at point 0.1833. In
other words, in the interval [0, 0.1833] the
pressure of explosion increases and after
point 0.1833 decreases. Because of
inflection point 0.0916 is contained in the
interval [0, 0.1833], so we can consider
about the increasing rate of pressure of
explosion in this interval. The increasing
rate of pressure of explosion grows up in
the interval [0.0916, 0.1833], i.e. the
pressure of explosion increases before
point 0.0916 faster than after point 0.0916.

Comparison of Pressure of Explosion of

the Structures by Oxygen Balance Values

By approximating the data set P-OB, the

following polynomial of degree 3 can be

obtained.

y=2x10"%x3 +0.0011x2 + 0.2639x
+ 39.249
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The first and second derivatives of this
equation can be computed easily as
following:

dy 6.2

T 6 X 107%x2 + 0.0022x + 0.2639
d?y .
— =12x107x +0.0022
dx

Figures 14, 15 and 16 show the graphs
of the P-OBjoy equation, first and second
derivatives, respectively. As Figure 15
shows, the first derivative of the P-OBqg
equation doesn't have real roots. However,
that has two complex roots -
183.33+101.841. Since there is no real
roots for first derivative, so the pressure of
explosion doesn't have any maximum at
interior points of interval [-350, 50]. In
other words, the pressure of explosion
increases through the interval [-350, 50].
On the other hand, the second derivative
equation has one real root -183.3333. This
root shows that the increasing rate of
pressure of explosion can be changed
through the interval [-350, 50]. The Figure
15 shows the increasing rate of pressure of
explosion drops before inflection point -
183.3333 and then grows up after it.

Comparison of Velocity of Detonation of
the Structures by Oxygen Balance Values
We can approximate data set D-OBj by
the following polynomial of degree 3:

y=3x%x10"7x% + 0.0001x2 + 0.0312x
+ 8.9872

Figure 17 shows a comparison of the
velocity of detonation values for the
tetrahedrane derivatives by the oxygen
balance values. By computing the first and
second derivatives of D-OBjg equation,
we have:
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dy —7.2
d_ =9x107"x“ +0.0002x + 0.0312
X 2
—~ =1.8x%x10"°%x + 0.0002
dx?

Figures 18 and 19 show the graphs of
the first and second derivatives,
respectively. Since the first derivative
equation has two complex roots -
111.11+149.401 and its sign is positive, so
the wvelocity of detonation which is
approximated by D-OBjo equation, just
increases through the interval [-350, 50]. In
other words, we can't find any maximum
point for velocity of detonation at the
interior points of interval [-350, 50]. But
according to the second derivative
equation, there is one inflection point. This
inflection point is -111.1111. Since the
sign of second derivative is negative before
inflection point and positive after this
point. The first derivative equation is
minimum at -111.1111, we can say
increasing rate of velocity of detonation
decreases in the interval [-350, -111.1111]
and then increases in the interval [-
111.1111, 50].

CONCLUSION

In the present work, structural properties of
the tetrahedrane derivatives have been
investigated  theoretically by  using
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quantum  chemical  treatment.  Full
geometrical optimization of the structures
was performed using density functional
theory (DFT, B3LYP) at the level of 6-
31G(d). According to the results, we can
be concluded as follows:

a. The tetrahedrane system with more
electron withdrawing groups will be
deviated from standard and stable state.

b. Whatever the number of groups on the
tetrahedrane system increases,
electrophilicity index (®) value of the
structures is larger.

c¢. The -NHNH,, -NHNO,, -NO, and -
ONO; groups give the detonation property
to the tetrahedrane system.

d. The electron withdrawing substituents
increase the electrophilicity index.

e. The HOF parameter is related to the type
and hybrid of bonds.

f. The heat of explosion value is related to
the geometry of the molecules.

g. The p (density) values of the structures
randomly change by increasing the number
of substituents.

h. The velocity of detonation and the
pressure of explosion properties are related
to the geometry of structures and type of
the substituents.
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Tetrahedrane: R=H
An:R,=CH;, Bn:R,=F
Cn: R,=OH, Dn: R, =CN
En: R, = COOH, Fn: R, = CONH,
Gn: R, =NH,, Hn:R,=NHNH,
In: R, =NHNO, , Jn: R,, = NO,
Kn: R, =NO, Ln: R, =ONO,
an:Rn=N3, n=1,2,3,4 )

Scheme 1. The structures of tetrahedrane derivatives.
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Fig. 1. The optimized geometry of the structures.




M. Nabati et al./J. Phys. Theor. Chem. IAU Iran, 13 (1) 35-59: Spring 2016

Fig. 2. Comparison of the electrophilicity indexes of the tetrahedrane derivatives influenced
by the type and number of substituents.

Fig. 3. Comparison of the HOFs of the tetrahedrane derivatives influenced by the type and
number of substituents.
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Fig. 4. Comparison of the Q values of the tetrahedrane derivatives influenced by the type and
number of substituents.

p (g/cm3)

14

=
=

Fig. 5. Comparison of the p (density) values of the tetrahedrane derivatives influenced by the
type and number of substituents.
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Fig. 6. Comparison of the D (velocity of detonation) values of the tetrahedrane derivatives
influenced by the type and number of substituents.

Fig. 7. Comparison of the P (pressure of detonation) values of the tetrahedrane derivatives
influenced by the type and number of substituents.
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Fig. 8. Comparison of the D (velocity of detonation) values of the tetrahedrane derivatives
influenced by the electrophilicity index of substituents.

Fig. 9. First derivative of D-® equation.
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Fig. 10. Second derivative of D-® equation.

0.03 0.06 0.09 0.12 0.15 0.18 0.21 0.24 0.27

w (a.u.)

Fig. 11. Comparison of the P (pressure of detonation) values of the tetrahedrane derivatives
influenced by the electrophilicity index of substituents.
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Fig. 12. First derivative of P-o equation.

Fig. 13. Second derivative of P-o equation.
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y = 2E-06x3 + 0.0011x2 + 0.2639x + 39.249

Fig. 14. Comparison of the P (pressure of detonation) values of the tetrahedrane derivatives
influenced by the oxygen balance of substituents.

-300 -200

Fig. 15. First derivative of P-OB oo equation.
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Fig. 16. Second derivative of P-OB( equation.

&
y = 3E-07x3+ 0.0001x? + 0.0312x + 8.9872

-350 -250 -150
OB%

Fig. 17. Comparison of the D (velocity of detonation) values of the tetrahedrane derivatives
influenced by the oxygen balance of substituents.
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-0.0002
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-0.0005

Fig. 19. Second derivative of D-OB,(o equation
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Table 1. The Mulliken atomic charges of the structures

Structures Charge on Cieirancarane attached to H (e) Charge on Cianearane attached to R (e)
Tetrahedrane C1,C2,C3,C4(-0.144) -
Al C2,C3,C4(-0.174) C1(0.159)
A2 C3,C4(-0.205) C1,C2(0.130)
A3 C4(-0.237) C1,C2,C3(0.100)
A4 - C1,C2,C3,C4(0.070)
B1 C2,C3,C4(-0.170) C1(0.274)
B2 C3,C4(-0.198) C1,C2(0.257)
B3 C4(-0.230) C1,C2,C3(0.240)
B4 - C1,C2,C3,C4(0.070)
C1 C2(-0.151); C3,C4(-0.174) C1(0.249)
C2 C3(-0.162); C4(-0.211) C1,C2(0.229)
C3 C4(-0.188) C1(0.157); C2(0.268); C3(0.089)
C4 - C1,C2(0.100); C3,C4(0.239)
D1 C2,C3,C4(-0.138) C1(0.185)
D2 C3,C4(-0.131) C1,C2(0.199)
D3 C4(-0.124) C1,C2,C3(0.216)
D4 - C1,C2,C3,C4(0.0.237)
E1 C2(-0.170); C3,C4(-0.136) C1(0.121)
E2 C3(-0.161); C4(-0.174) C1,C2(0.126)
E3 C4(-0.148) C1(0.104); C2(0.111); C3(0.082)
E4 - C1(0.075); C2(0.081); C3(0.083); C4(0.089)
F1 C2(-0.135); C3(-0.137); C4(-0.202) C1(0.068)
F2 C3(-0.147); C4(-0.205) C1(0.008); C2(0.075)
F3 C4(-0.243) C1(-0.104); C2(0.072); C3(0.073)
F4 - C1(-0.027); C2(-0.002); C3(0.011); C4(0.059)
G1 C2,C4(-0.156); C3(-0.200) C1(0.213)
G2 C3(-0.173); C4(-0.205) C1(0.182); C2(0.201)
G3 C4(-0.252) C1(0.167); C2(0.188); C3(0.191)
G4 - C1,C3(0.073); C2(0.058); C4(0.151)
H1 C2(-0.205); C3(-0.250); C4(-0.267) C1(0.303)
H2 C3(-0.124); C4(-0.225) C1(0.249); C2(0.252)
H3 C4(-0.265) C1(0.208); C2(0.253); C3(0.312)
H4 - C1(-0.064); C2(0.353); C3(0.211); C4(0.362)
11 C2(-0.173); C3(-0.143); C4(-0.116) C1(0.284)
12 C3(-0.190); C4(-0.081) C1(0.287); C2(0.288)
13 C4(-0.168) C1(0.245); C2(0.304); C3(0.359)
14 - C1(0.260); C2(0.272); C3(0.303); C4(0.331)
J1 C2,C3(-0.120); C4(-0.127) C1(0.265)
J2 C2(-0.106); C4(-0.105) C1,C3(0.211)
J3 C4(-0.077) C1,C3(0.218); C2(0.251)
J4 - C1,C2,C3,C4(0.247)
K1 C2(-0.136); C3(-0.127); C4(-0.118) C1(0.230)
K2 C3(-0.110); C4(-0.100) C1,C2(0.210)
K3 C4(-0.099) C1(0.211); C2(0.216); C3(0.217)
K4 - C1,C2,C3,C4(0.220)
L1 C2,C3(-0.141); C4(-0.165) C1(0.310)
L2 C3(-0.157); C4(-0.135) C1(0.288); C2(0.317)
L3 C4(-0.126) C1,C2,C3(0.299)
L4 - C1(0.315); C2(0.317); C3(0.376); C4(0.385)
M1 C2,C3,C4(-0.145) C1(0.314)
M2 C3(-0.166); C4(-0.156) C1,C2(0.259)
M3 C4(-0.168) C1,C2,C3(0.256)
M4 - C1,C2,C3,C4(0.205)
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Table 2. The frontier orbitals energy of the structures calculated at B3LYP/6-31G(d) level

Structures €gomo (2.U.)  €rpmo (a.u.) p (a.u.) [ (a.u.) o (a.u.)
Tetrahedrane -0.22038 0.11982 0.050280  0.34020 0.00372
Al -0.21149 0.11384 0.048825  0.32533 0.00366
A2 -0.20307 0.10753 0.047770  0.31060 0.00367
A3 -0.19550 0.10017 0.047665  0.29567 0.00384
A4 -0.18821 0.09231 0.047950  0.28052 0.00410
B1 -0.22479 0.09074 0.067025  0.31553 0.00712
B2 -0.22655 0.05586 0.085345  0.28241 0.01290
B3 -0.23081 0.02063 0.105090  0.25144 0.02196
B4 -0.23205 -0.01232 0.122185  0.21973 0.03397
C1 -0.20335 0.06417 0.069590  0.26752 0.00905
C2 -0.19235 0.04772 0.072315  0.24007 0.01089
C3 -0.19101 -0.03754 0.114275  0.15347 0.04255
C4 -0.18381 -0.02382 0.103815  0.15999 0.03368
D1 -0.25586 0.01664 0.119610  0.27250 0.02625
D2 -0.28251 -0.03797 0.160240  0.24454 0.05250
D3 -0.30382 -0.06937 0.186595  0.23445 0.07425
D4 -0.32093 -0.08823 0.204580  0.23270 0.08993
E1l -0.23780 -0.00067 0.119235  0.23713 0.02998
E2 -0.24992 -0.04105 0.145485  0.20887 0.05067
E3 -0.25830 -0.05223 0.155265  0.20607 0.05849
E4 -0.26323 -0.06225 0.162740  0.20098 0.06589
F1 -0.23061 0.02126 0.104675  0.25187 0.02175
F2 -0.23786 -0.00166 0.119760  0.23620 0.03036
F3 -0.24659 -0.02340 0.134995  0.22319 0.04083
F4 -0.25156 -0.03056 0.141060  0.22100 0.04502
G1 -0.19068 0.08134 0.054670  0.27202 0.00549
G2 -0.17578 0.07097 0.052405  0.24675 0.00556
G3 -0.16210 0.06123 0.050435  0.22333 0.00569
G4 -0.13651 0.01003 0.063240  0.14654 0.01365
H1 -0.30240 0.22087 0.040765  0.52327 0.00159
H2 -0.17478 0.06601 0.054385  0.24079 0.00614
H3 -0.16260 0.06286 0.049870  0.22546 0.00552
H4 -0.12002 0.00999 0.055015  0.13001 0.01164
11 -0.23190 -0.05072 0.141310  0.18118 0.05511
12 -0.23792 -0.06389 0.150860  0.17403 0.06539
13 -0.24800 -0.08406 0.166030  0.16394 0.08407
14 -0.25916 -0.09520 0.177180  0.16396 0.09562
J1 -0.26076 -0.07207 0.166415  0.18869 0.07338
J2 -0.28001 -0.12125 0.200630  0.15876 0.12677
J3 -0.30858 -0.15077 0.229675  0.15781 0.16713
J4 -0.33035 -0.17495 0.252650  0.15540 0.20538
K1 -0.21284 -0.07265 0.142745  0.14019 0.07219
K2 -0.23614 -0.11326 0.174700  0.12288 0.12419
K3 -0.25696 -0.15608 0.206520  0.10088 0.21139
K4 -0.27087 -0.17086 0.220865  0.10001 0.24388
L1 -0.23940 -0.07243 0.155915  0.16697 0.07280
L2 -0.24876 -0.08640 0.167580  0.16236 0.08648
L3 -0.25252 -0.09524 0.173880  0.15728 0.09612
L4 -0.26673 -0.12556 0.196145  0.14117 0.13626
M1 -0.21646 0.01479 0.100835  0.23125 0.02198
M2 -0.21270 -0.04659 0.129645  0.16611 0.05059
M3 -0.22424 -0.05546 0.139850  0.16878 0.05794
M4 -0.21306 -0.04243 0.127745  0.17063 0.04782
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Table 3. Total energy, HOF, predicted density and detonation properties of structures

Molecula
energy HOF v* D P
Structures  Formula Ia]:’[ni‘f; (hartrees) OB gymoty QWD (nymol)  (gem’)  (kmis)  (GPa)
Tetrahedrane CH, 5203130 -154576791 30751 582.897 2677474 45.667 1139 4202 5685
Al CsHs 66.04695  -193.870067  -31493 554263  2005.676  63.954 1033 4014 4783
A2 CeHs 80.06260  -233.162967  -319.75 526615 1572033  84.901 0943 3763  3.881
A3 CrHuo 9407825 272455484  -323.14  499.973  1270.151  102.027 0922  3.635  3.548
A4 CsHyp 108.09390  -311.747537  -325.64 474550 1049249 106913 1011 3727  4.049
BI C.H;F 7002188 253795166  -217.08 443467  1513.651  57.658 1214 2827 2706
B2 CH.F, 8801246  -353.010371  -163.61 312360 848222 55.135 159  2.124 1857
B3 CHF, 10600303 -452222191  -12830  190.140  428.701 42.669 2484 1587 1328
B4 CiFs 123.99361  -551.430594  -10323  76.892 148211 61.453 2018 . .
c1 CHO 6802621 229770327  -211.68  407.792 2282389 48433 1405 6017  13.661
2 CHO, 8402113  -304962205  -15234  237.040  2050.110  60.738 1383 6043 13.626
c3 CHO, 10001604  -380.194021  -111.98  -38570  1533.823  63.350 1579 6397 16.720
c4 CHO, 11601096 -455.401421  -8275  -250.075 1291965  67.214 1726 7178 22278
DI CsH;N 77.02655  -246.824311  -23888  703.957 2184256  50.326 1531 5681  12.920
D2 CHLN,  102.02180  -339.063764  -203.88  846.196 1982330  63.100 1617 5761  13.771
D3 GHN; 12701705  -431297389  -182.65  1003.737  1888.670 98.002 1296 4830 8303
D4 CN, 15201230 -523.526642  -16841 1172757 1843857  91.909 1654 5501 12742
El CHO, 9602113  -343.132159  -166.63  98.095  1448.063  68.604 1400 5223 10.269
E2 CHOs  140.01096  -531.684909  -11428  -379.834  849.002 90.836 1541 5447 11928
E3 CHO, 18400079 -720236608  -86.96  -855.004  539.966 95.250 1932 5948 163356
E4 CsHOs 22799062  -908.786151  -70.18  -1324.512  356.118 130302 1750 5123  11.446
F1 CHNO  95.03711  -323.253212  -193.61 344993 1475774  80.538 1180 5209  8.986
F2 CHN,O,  138.04203 491934374  -150.68 94641 1001277  91.862 1503 5758  13.108
3 CHN:O; 18104874 660610149  -128.14  -141.567 770873 101654 1781  6.154  16.690
F4 CsHgN:O, 22405455 829291215  -11426  -391.666  614.099 165731 1352 4876 8729
Gl C.H;N 67.04220  -209.901128  -250.59  629.097  2242.679  56.542 1186 5929  11.687
G2 CHN, 8205310  -265224887  -21450 676814 1971388  64.583 1271 6729  15.883
G3 CHN,  97.06400  -320.548035  -189.57  726.135 1787958  57.814 1679 8394  29.948
G4 CHgN,  112.07490  -375.905111  -17131 686379  1463.704  73.552 1524 7788 24206
HI CHN, 8205310  -263.500482  -214.50 5204243  15158.647  62.857 1305 11393  46.429
H2 CHN,  112.07490  -375.812979  -171.31 928271  1979.541  90.112 1244 7373 18756
H3 CiHiNe  142.09669  -486.429350  -14638 1105482 1859370  74.472 1908  10.140  47.199
H4 CiHpNg  172.11849  -597.153602  -130.14 999451  1387.817 128016 1345  7.664  21.481
11 CHN,O, 11202728  -414383962  -11426  491.118  2079.646  63.418 1766 6847  20.556
2 CHN,O, 17202325  -674.187825  -5581  408.023 1785616  80.532 2136 9.654 45534
13 C:HNeOs 23201923 933994195  -27.58 318346  1636.868 118499 1958 9237  39.743
14 CHNgOs 29201521  -1193.800756  -10.96  228.168  1548.831  139.161  2.098 9792  46.395
J1 CHNO,  97.01638  -359.061224  -123.69 440720 2221733  68.702 1412 6565 16324
32 CHN,O, 14200146  -563.538552  -5634  317.196 1934381  87.302 1627 7791 25291
J3 CHN:O; 18698653  -768.012304 2139 203.062 1797291  92.430 2023 9333 41.321
J4 CN©Os 23197161  -972.481425 0.00 101.086 1725899  106.112  2.186  10.030  49.743
K1 CH,NO 8102146  -283.866204  -167.86 619721 2541467  67.922 1193 5792 11.208
K2 CHN0, 11001163 -413.151244  -101.81  668.026  2404.140 65477 1680  7.836  26.111
K3 CHN,0;  139.00179  -542430027  -6331 732760 1914331  86.941 1599 7516  23.273
K4 CN©O, 16799195  -671.707566  -38.10  800.759 2258926  99.051 1696 8434 30429
L1 CH:NO; 11301129  -434237188  -92.03 312364  2051.941  54.821 2061 8886  37.841
L2 CHN,Os  173.99129  -713.894899  -27.59 47.655  1749.022 109464 1589 7814  25.053
L3 CHN,O, 23497128  -993.551702 3.40 214057 1506314 97.130 2419 10532 57.706
L4 CN,O, 29595127  -1273.422100  21.63  -1036.586 434044 181345  1.632 5835 14214
M1 CHN,  93.03270  -318.118637  -16338 985335 2531316  64.786 1436 7258  20.187
M2 CHN, 13403409 481722284  -107.44 1225515 2185251  91.219 1469 7474 21748
M3 CHNy  175.03549  -645293676  -77.70 1550380 2116947 119956 1459  7.711  23.040
M4 CNp 21603689 -808.742714  -5925 2196485 2429956  142.633 1515 8072  25.906

*Average valu from 100 single-point volume calculations at studied levels.
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Q: Heat of explosion, V: Volume of explosion, D: Velocity of detonation, P: Pressure of explosion
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Table 4. NBO analysis of the tetrahedrane, HI and H2 structures

Bonds Occupancy Population/Bond orbital/Hybrids
C-C (tetrahedrane) 1.96065 50.00% C1 (SP*™d"), 50.00% C2 (SP*™d™")
C-H (tetrahedrane) 1.99730 63.67% C (SP'*%), 36.33% H (S)
Cy-Crnniz (H1) 1.96224 51.54% Cyy (SP*°d*%Y), 48.46% Cypnira (SP**6d%)
Cy-Cy (H1) 1.95983 50.46% C (SP*”d"""), 49.54% C (SP*'*d*""
C-H (H1) 1.99661 63.35% C (SP'), 36.65% H (S)
C-N (H1) 1.99309 41.89% C (SP'™), 58.11% N (SP'?")
Cu-Criniz (H2) 1.93381 49.37% Cy (SP**°d""), 50.63% Crimnirz (SP*2d*"")
Cy-Cy (H2) 1.95050 50.54% C (SP*°d"""), 49.46% C (SP**°d*""
C-H (H2) 1.99602 63.78% C (SP'**), 36.22% H (S)
C-N (H2) 1.99319 41.79% C (SP'™®), 58.21% N (SP'*°)
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