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ARTICLE INFO ABSTRACT

The study devoted to calculate and interpret the
electronic spectra of the RDX molecule. The six isomers
of the RDX molecule were geometry optimized with the
MP2/cc-pVTZ level of theory. The twist isomer was
shown to be the most stable isomer. The electronic
spectra of the six isomers were calculated with
acetonitrile as a solvent. The electronic spectra were
Keywords: calculated using the PBEO/def2-tzvppd level of theory in

. acetonitrile as a solvent. The combined PBEO/def2-
QSPR, Descriptors, AIM, of RDX. tzvppd// MP2/cc-pVTZ methods succeeded in reproduce
fairly the experimentally measured main band at 236 nm.
The calculated wavelength was 237 nm and the band was
shown as mainly originated from the HOMO to LUMO
transition with a transition probability of 0.49688 which
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calculations were done and a statistical empirical
equation was built based on the measured detonation
velocity of well-known explosives and several structural
and electronic descriptors.

1. Introduction

RDX (Research Department Explosive) or cyclotrimethylene-trinitramine is a well-known
energetic explosive and monopropellant [1-7]. It is characterized by high detonation power and low
sensitivity. The later property makes it very suitable for storage and mostly used in explosive mixture
in order to reduce their sensitivity for shock and heat. It is characterized by six isomeric conformers
stemmed from the orientation of its three nitro groups with respects to the molecule ring. The nitro
groups could have the all-equatorial spatial configuration which in this case referred to as AAA or all
axial configuration which is referred to as EEE, or have a variety of formations of these orientations.
The central ring of the molecule could have the both the chair and boat forms as well the twisted form.
Many crystallographic and computational articles dealing with its structural, electronic, spectral, and
thermal decomposition properties were published. Crystallographic studies showed that it has five
polymorphic forms alpha, eta, gamma, eta and sigma with first is the stable form at ambient pressure
and temperature. In RDX the ring is puckered and one of the N-NO2 groups is co-planar which the
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others are slightly bent. Concerning the geometry of RDX conformers several theoretical studies were
done using B3LYP, MP2, and CCSD(T) methods[8, 9] . The results are in general with the AAA and
twist conformers as the most stable structures. The electronic spectrum of RDX in acetonitrile was
studied by Cooper et al. [10] and the used functionals and basis sets failed to reproduce the maximum
wavelength of the main absorption which appears at 236 nm, and the predicted one was 225 nm. No
systematic study was done previously to build empirical equations for the calculation of the
detonation of the explosives. This work is devoted to investigate the relative stability and the
electronic spectra as well as build a model empirical equation for the prediction of the detonation
velocity of explosives.

2. Computational methods

All the calculations were done with the Gaussian 16 software [11, 12]. The electronic structures
of the studied molecules were sketched with Gaussview program and freely geometry optimized in
the gas phase using the MP2/cc-pVTZ level of theory. The stability of the structure was demonstrated
by calculating the vibrational spectra at the same level of theory. All the calculated vibrational spectra
showed no imaginary frequencies indicating that all the structures are global minima at the potential
energy surface. The electronic spectra were calculated using the PBEO/def2-tzvppd level of theory in
acetonitrile as a solvent. The notations AAA, AAE, EEE and EEA are stands for axial-axial-axial,
axial-axial-equatorial, equatorial-equatorial-equatorial and equatorial-equatorial-axial defining the
orientations of the nitro groups with respect to the molecule ring. The descriptors that are used for
building the model empirical equation was calculated using the program Materials Studio while atom-
in-molecules (AIM) values were calculated using the AIMAII program. The experimental detonation
values were gathered from variety of scientific papers.

3. Results and discussion

3.1. The relative stability of the RDX isomers

The electronic structures of the possible isomers of RDX are shown in figure 1. The isomers stem
their structural differences mainly from the geometrical structure of the central ring of the molecules
which in turn lead to different spatial arrangements of the three nitro groups within the molecule.
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Fig.1. The electronic structures of the possible isomers of RDX as calculated at the MP2/cc-
pVTZ level of theory.

Table 1 contains some of the electronic and structural properties of the studied isomers calculated
at the MP2/cc-pVTZ level of theory. From table 1 it is shown that the stability of the isomers is in
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the sequence twist > AAA> AAE > EEE > EEA > boat with relative energies of 0, 4.20, 5.25, 5.25,
30.72 and 73.25 kJ mol-1 respectively. Accordingly the most stable isomer is the twisted isomer.
This could be rationalized as in this isomer the spatial directions of the nitro groups make the less
sterically crowded configuration.

Table 1. Total energies (hartee), relative energies (kJ mol-1) and some structural properties (A)
of the isomers of RDX calculated at the MP2/cc-pVVTZ level of theory.

NO  lIsomer I;’:?r'e'gnergy (A:;:) (N=0) A (N=N) A (C=N) A (C-H)A
(AAA) -896.00045 0.0019 12032 14026 14530 10815
(AAE) 895.991337  0.0110 1.2030 14091 14442 1.0825
(EEA) -895.099555  0.0028 1.2054 13881 14554 1.0845
(EEE) 895.973470  0.0289 1.2030 13778 1.4444 1.0825
(boat) 895122937 08794 1.2034 14508 14659 1.0931
(twist) 896.002410  0.0000 1.2063 1.4050 14633 1.0834

Table 1, as well shows that within the structural properties the N-O bond length in the twist
isomer has the highest value with a length of 1.2063 A which make this bond the most liable to break
in comparison with the other isomers.

3.2. The calculated electronic spectra of the RDX isomers.

The experimental electronic structure of RDX in acetonitrile is characterized by the presence of
two bands, the shortest at 196 nm while the other appears as a shoulder at 336 nm. Several studies
were undertaken to predict the spectrum of RDX at different levels of theory, the most comprehensive
is that of Copper et al [13, 14] which based on the electronic structure that was calculated by the level
B3LYP/6-311+G(d,p). The electronic spectra were calculated at several functional which included
B3LYP, CAM-B3LYP, wB97XD and PBEO assisted with the basis set 6-311+G(d,p) but all the
methods failed to reproduce the experimental wavelengths and estimated a values of the long
wavelength band at 225 nm against 236 nm for the experimentally measured one. For the correct
interpretation of the origins of these bands, a fair correct theoretical prediction of the band positions
is needed. This is may be due to the problematic B3LYP functional [15] which has many shortages,
one of them is its failure to calculate the charge dispersion in the molecules which could be arises
from the resonance in the nitro groups which leads to delocalization of the charge density. In this
study the MP2 method [16] which take into account this matter in conjunction with the cc-pVTZ
basis set is used for the geometry optimization of the structures. On the other hand the PBEO/def2—
tzvppd level of theory was used to calculate the electronic spectra. The calculated electronic spectra
of the six isomers of the RDX are gathered in Figure 2 and the calculated bands are shown in Table
2.
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Fig.2. The calculated electronic spectra of the six isomers of the RDX in acetonitrile at the level
PBEO/def2-tzvppd. 1) boat , 2)eee , 3) eea , 4) aae , 5) aaa , 6) twist .

Table 2. The calculated electronic bands (nm) of the six isomers of the RDX at the level
PBEO/def2-tzvppd in acetonitrile.

Isomer Band | Band Il Other bands
aaa 235.0 211.6
aae 236.5 2125
Boat 231.4 206.5 261.4,245.0
eea 232.7 200.0
eee 2275 198.7 352.8, 277.0
twist 237.0 208.0

It could be seen from Figure 3 that the electronic spectrum of the twist isomer is the most relevant
to the experimental spectrum [17]. This is also shown in Table 2 where the calculated spectrum
contains two bands at 237 and 208 nm. Accordingly, the calculated spectrum of this isomer was taken
is a representative for the experimental electronic spectrum of the RDX. The long band is in fair
agreement with the 236 nm experimental band. This gives evidence that the twist isomer is the most
stable isomer. Figure 3 and Table 2 show as well, that the calculated spectra for other isomers are
within the range 227-236 nm in addition to other bands at 261, 245, and 353, 277 nm in the isomers
boat and EEE respectively. To interpret the bands origin of the electronic spectrum the bands and the
corresponding transitions are gathered in Table 3.

Table 3. The bands and corresponding transitions of the electronic spectrum of the isomer twist.

Band Transition Transit!o_n Oscillator
Probability strength

237 57 — 58 0.49688 0.1339

47 — 59 0.17940

56 — 58 0.27227

56 — 59 0.26305
208 47 — 58 0.11239 0.1995

54 — 60 0.10584

57 — 60 0.64966

As could be seen from Table 3 the band at 237 nm arises from four transitions. The most
significant transition arises from the HOMO (57) to the LUMO (58) with a transition probability of
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0.49688 which is 49.4% of the overall transitions. The band at 208 hm mainly originated from the
transition from HOMO to LUMO+2 with a transition probability of 0.64966 representing 84.4%
within the overall transitions that are responsible for this band. The oscillator strength can be a
measure for the band intensity, and the oscillator strengths of the predicted bands are also shown in
Table 3. The oscillator strengths of the bands 237 and 208 are 0.1339 and 0.1995 respectively shong
a higher intensity of the later which is in accordance with the experimental spectrum [18, 19].

In addition, to shed more light on the electronic transitions the hole-electron proedure could be
used to track the transition of the electronic density accompanied the spectra. This is represented in
figures 4 and 5.

Fig.3. The main hole (blue) and electron (green) distribution regions of the transition are
responsible for the band 237 nm.

Fig.4. The main hole (blue) and electron (green) distribution regions of the transition are
responsible for the band 208 nm.

From Figure. 4 it could be seen that for the band 237 nm, the hole is mainly separated over the
nitrogen atoms especially nitrogen-4 as well as oxygen-5 and oxygen-6, while the electron is mainly
separated over the nitrogen-4, oxygen-,5, and oxygen-6 respectively. This means that the electronic
transition responsible for this band is m«—n* kind and the electronic density is transferred mainly
within the amino group. In the same direction, the transition for band 208 could be disused. It is
obvious from figure 5 that the donor regions are centered over nitrogen-10 and nitrogen-12 atoms
within the molecule ring (sigma electrons and n nonbonded pair of electrons could be a source as
well) and the oxygen atoms 2 and 8. The acceptor regions are sseparatedover « electrons in the amino
group mainly which leads to the conclusion that this band arises from a complicated of transitions
like n—n* and c—*. This is further supported by the Natural Orbital Transitions (NOT) calculations
shown in Figures 6 and 7.

The donor orbital The acceptor orbital

Fig.5. The natural orbital transitions responsible for the band 237 nm.
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Fig.6. The donor orbital Fig.7. The acceptor orbital

According to figures 5 and 6 which show the natural orbital transitions for the bands 237 and 208
nm respectively, the electronic charge of the donor orbital in the band 237 nm is centered on the
nitrogen-11 and the two oxygens while it is separated over the 7 electrons of the nitro group in the
case of the acceptor orbital. On the other side concerning the band 20 nm the charge density is
localized over the nitrogen atoms in the ring as an acceptor while it is over the @ system in the amino
groups as a donor.

3.3. Quantitative Structure-property Relationship study

The study is also devoted to building an empirical model serve to predict the detonation velocity
of the explosives. A trial group of 27 well-known explosives was chosen for this study and are shown
in Table 4. The descriptors used for the building of the empirical equation are gathered in Table 5.

Table 4. The explosive that are used as the trial group in this study.

Detonation

NO. Explosive velocity Reference

1 (HMX) 1,3,5,7-tetranitro-1,3,5,7-tetrazocane 9320 [20]

5 $3::])1 ?r;:lzido—B—nitrotetrazolo[1,5—b]pyridazin— 8746 [21]

3 (RDX) 1,3,5-trinitro-1,3,5-triazinane 8795 [22]

4 Picric acid 7376 [44, 45]

5 (ETN) Erythritol tetranitrate 8015 [23]

6 (FOX-7) 2,2-dinitroethene-1,1-diamine 8870 [24]

7 (TNT) 2-methyl-1,3,5-trinitrobenzene 6959 [25]

8 (PETN) Pentaerythritol tetranitrate 8564 [26]

9 'E:;aArr-:E()e Trinitrobenzene-1,3,5- 8114 [27]

10 (TMETN)  Trimethylolethane trinitrate 7050 [28]

11 Di-3,4(nitramino)furazan 9849 [29]

12 5-nitro-2H-tetrazol-2-ol 9283 [30]

13 (HATTP)  Tetra(1H-tetrazol-5-yl)pyrazine 8655 [31]
(TNP) N6-(4-nitrobenzyl)-N2-(3-

14 (trifluoromethyl)benzyl)- 9H-purine-2,6- 6876 [32]
diamine

15 (TETRYL)  Trinitrophenylmethylnitramine 7570 [33]
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16 (PETNC) Pentaerythritol tetranitrocarbamate 7686 [34]
17 (CH3NO3) Methylnitrate 6300 [35]
18 (MHN) Mannitol hexanitrate 8260 [36]
19 (EGDN) Ethylene glycol dinitrate 7300 [37]
(HNS) Hexanitrostilbenel,3,5-Trinitro-
20 2-[2-(2,4,6-trinitrophenyl)ethenyl]benzene 7000 [38]
21 (DNBT) amino-3,5-dinitro-4- pyrazole 8626 [39]
22 (aTRz) Azo-bis-1,2,4-triazole 7800 [40]
23 (CL-20)  Hexanitrohexaazaisowurtzitane 9380 [41]
24 DAAT 8800 [42]
25 (H-BT) 1H,1'H-5,5"-bitetrazole 8109 [43]
26 N-(3,4-dinitro-1H-pyrazol-5-yl)nitramide 9430 [44]
27 (ONC) Octanitrocubane 10100 [45]
Table 5. The descriptors used to build the empirical model.
Expl E EL Molecu Ele Nitr
N Explosive osive H ELu um lar ment 0
o) P Veloc oM MO o refracti coun coun
ity © HO vity t t
MO
E) 2 i 0.1 58.5691
1 HMX 9320 . 0.1 206 ’ 4 4
63 910
431 4
7
i - 0.0
2 3at 8746 e 0.1 832 o000 4 1
649 9
2
E) 2 i 0.1 43.9268
3 RDX 8795 ) 0.1 460 ’ 3 3
69 950
229 6
0
E) 2 i 0.0 49.7262
4 Picric acid 7376 ) 0.1 874 ) 6 3
70 000
825 9
0
3,4Di ) - 0.1
5 (nitramino)fur 8015 géz 0.1 496 3263049 2 2
azan 398 1
4
E) 2 i 0.1 28.6261
6 FOX-7 8870 : 0.1 051 ’ 2 2
29 960
243 8
5
E) 2 i 01 53.0733
7 TNT 6959 7'4 0.1 045 07'0 7 3
697 9
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8114
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03 - 0.0

23 CL-20 9380 0.2 432 81.5153 6 6
04 960
617 3
9
E) 1 _ 0.0 64.2997
24 DAAT 8800 ; 0.1 372 ; 4 0
82 970
448 5
0
E) 2 - 0.1
25 H2BT 8109 ; 0.1 152 131.356 2 0
75
604 2
;
N-(3,4- - ) 01
26 dinitro-1H- 9430 0.2 0.1 043 182,698 3 3
pyrazol-5- 75 707 3
ylnitramide 0
Octanitrocub 1010 O 3 ) 0.1
27 ; 0.2 135 355.848 8 8
ane 0 23
8 102 7

One empirical equation was built in this study that depends on some structural and electronic
descriptors which are HOMO energy (EHOMO), LUMO energy (ELUMO), LUMO-HOMO gap
energy ( ELUMO-HOMO), Dipole Moment, AlogP, Molecular refractivity, Element count (the
number of elements kind in the molecule), Nitro Fragment Count (the number of nitro groups in the
molecule), the C-N bond length (AC-N), the electronic density at C-C bond critical point (PBCPC-
C), the electronic density at N-O bond critical point (P BCPN-O) and the electronic density at the
ring critical point (pRCP). The last three descriptors belong to atom-in-molecules calculations which
calculate the charge density at the bonds and the ring of the molecule respectively. The Genetic
Function Approximation (GFA) method was used to build the mathematical model. The modeled
equation for the calculation of the detonation velocity that is built from those descriptors is the
following

Table 5. Continued.

Dipol

Al
. Ac- e pBCP( pBCP p(R
NO Explosive Y Mom N-O) (C-C) cp gg
ent

HMX 1.45 7.675 0.4422 —_ 0.01 15
685 52 66 265 03

3at 1.41 9.100 0.4787 0.2838 0.01 1.6
954 575 52 a7 896 43

RDX 1.45 8.448 0.4507 —_ 0.02 1.1
505 300 17 100 28

Picric acid 1.44 2.231 0.4429 0.3086 0.01 1.6
061 062 83 55 987 23
3,4-Di 1.136 0.4551 0.2365 0.00 0.4
(nitramino)furazan 716 24 05 826 19
FOX-7 1.40 9.721 0.4643 0.2807 0.01 0.3
905 301 09 66 593 43

TNT 1.44 1.849 0.4561 0.3039 0.02 2.3
468 513 15 01 075 75

PETN — 0.001 0.4601 0.2323 — 1.8
300 32 48 67
TATB 1.41 0.001 0.4385 0.2748 0.01 0.4
692 792 29 50 569 42
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10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

TMETN — 7.208 0.4562 0.2307 0.00 2.0

423 00 98 911 14

ETN 1.38 3.741 0.4533 0.2742 0.05 1.9

422 347 44 90 260 67

5-nitro-2H-tetrazol- 1.42 5.588 0.4560 _— 0.05 0.5

2-ol 271 600 06 949 08

HATTP 1.32 7.000 _— 0.2937 0.02 0.9

432 Oe- 86 661 25

TNP 1.44 8.015 0.4528 0.2972 0.02 4.7

938 613 05 60 566 71

TETRYL 1.43 6.782 0.4573 0.3070 0.02 1.7

445 741 33 82 058 29

PETNC 1.36 12.18 0.4503 0.2293 0.01 0.7

877 025 88 64 221 74

Methyl nitrate — 4.424 0.4567 — — 0.5

851 53 90

MHN _— 4.825 0.4594 0.2394 0.01 2.9

972 57 15 167 32

EGDN _— 0.001 0.4580 0.2443 _— 1.0

200 88 01 02

HNS 1.44 0.006 0.4569 0.2447 0.02 3.9

756 438 37 81 083 85

DNBT 141 1.119 0.4427 0.2790 0.05 0.6

031 522 22 66 049 67

aTRz 1.39 0.395 — — 0.05 1.6

807 200 656 02

CL-20 1.46 1.888 0.4634 0.3374 0.03 15

049 400 81 79 602 43

DAAT 1.40 0.042 — — 0.02 0.4

408 8 786 11

H2BT 1.45 0.004 — 0.2739 0.04 0.1

339 201 19 848 46

N-(3,4-dinitro-1H- 1.39 4.338 0.4893 0.2331 0.04 1.0

pyrazol-5- 971 729 54 47 372 25
yl)nitramide

Octanitrocubane 1.45 0.001 0.4644 0.2242 0.07 1.3

076 208 50 23 949 58

Detonation velocity = 71.774 * Molecular refractivity + 3176.962 * ELUMO * Element count +
103.053 * AC-N * Dipole Moment - 3895.921 * ELUMO-HOMO?2 * Dipole Moment + 736851.217
* pRCP2 * pBCPN-O - 3377.297 * EHOMO * AC-N * pBCPC-C + 164.769 * ELUMO * Dipole
Moment * AlogP - 2000.042 * ELUMO * pBCPN-O * Nitro Fragment Counts + 5963.317

R?=0.996, Adjusted R? = 0.993, Cross validated R? = 0.989

The equation is characterized by high R?, adjusted R?, and cross-validated R? functions with
values of 0.996, 0.993, and 0.989 respectively. This makes the model equation robust and has high
predictivity for the calculation of the detonation velocity of the explosives. The robustness of the
equation is demonstrated by the predicted value of RDX (8794.6 m s-1) which is in excellent
agreement with the experimental value of 8795 m s-1 as could be seen in Table 6 which contains the
experimental and the predicted detonation velocities as well as the residual values.

From table 6 it is also clear that the predicted detonation velocities by the model equation for
other explosives are in good agreement with the experimental values.

10
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Table 6. The experimental predicted, and residual values for the detonation velocities.

N Experimental detonation Predicted .

0 . i . Residuals
velocity detonation velocity

1 9320 9351.8 -31.8

2 8746 8763.6 -17.6

3 8795 8794.9 0.1

4 7376 7208.9 167.1

5 8015 7996.0 19.0

6 8870 8886.8 -16.8

7 6959 7086.4 -127.4

8 8564 8539.4 24.6

9 8114 8088.1 25.9

1 7050 7015.1 34.9

0

1 9849 9797.3 51.7

1

1 9283 9302.5 -19.5

2

1 8655 8711.7 -56.7

3

1 6876 6885.0 -9.0

4

1 7570 7538.2 31.8

5

1 7686 7675.7 10.3

6

1 6300 6316.3 -16.3

7

1 8260 8297.8 -37.8

8

1 7300 7407.7 -107.7

9

2 7000 6997.9 2.1

0

2 8626 8751.0 -125.0

1

2 7800 7739.9 60.1

2

2 9380 9431.5 -51.5

3

2 8800 8743.6 56.4

4

2 8109 8071.3 37.7

5
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2
6
2
7

9430 9359.5 70.5

10100 10075.1 24.9

4. Conclusion

The electronic energies of the six isomers of the RDX molecule are calculated to be in the

sequence twist > AAA> AAE > EEE > EEA > boat indicating that the twist isomer is the most stable.
The calculated electronic spectra in acetonitrile showed in most two bands in accordance with the
experimental spectrum of RDX. The PBEO/def2-tzvppd// MP2/cc-pVTZ which was used in this study
to calculate the spectra was superior to previously used methods and was able to predict fairly the
experimental wavelength (236 nm) of the most important band to be 237 nm. The empirical equation
modeled in this study shows high robustness represented by R2, adjusted R2 and cross validated R2
with values of 0.996 0993 and 0.989 respectively.
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