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ABSTRACT: New imidazole-based energetic molecules (1,4-
dinitroimidazole, 2,4-dinitroimidazole, 1-methyl-2,4-dinitroi-
midazole, and 1-methyl-2,4,5-trinitroimidazole) are studied
both experimentally and theoretically. The NO molecule is
observed as a main decomposition product from the above
nitroimidazole energetic molecules excited at three UV
wavelengths (226, 236, and 248 nm). Resolved rotational
spectra related to three vibronic bands (0−0), (0−1), and (0−2) of the NO (A 2Σ+ ← X 2Π) electronic transition have been
obtained. A unique excitation wavelength independent dissociation channel is characterized for these four nitroimidazole
energetic molecules: this pathway generates the NO product with a rotationally cold (10−60 K) and vibrationally hot (1300−
1600 K) internal energy distribution. The predicted reaction mechanism for the nitroimidazole energetic molecule
decomposition subsequent to electronic excitation is the following: electronically excited nitroimidazole energetic molecules
descend to their ground electronic states through a series of conical intersections, dissociate on their ground electronic states
subsequent to a nitro−nitrite isomerization, and produce NO molecules. Different from PETN, HMX, and RDX, the thermal
dissociation process (ground electronic state decomposition from the Franck−Condon equilibrium point) of multi-
nitroimidazoles is predicted to be a competition between NO2 elimination and nitro−nitrite isomerization followed by NO
elimination for all multinitroimidazoles except 1,4-dinitroimidazole. In this latter instance, N−NO2 homolysisis becomes the
dominant decomposition channel on the ground electronic state, as found for HMX and RDX. Comparison of the stability of
nitro-containing energetic materials with R−NO2 (R = C, N, O) moieties is also discussed. Energetic materials with C−NO2 are
usually more thermally stable and impact/shock insensitive than are other energetic materials with N−NO2 and O−NO2
moieties. The imidazole aromatic ring also plays an important role in improving the stability of these energetic materials. Thus,
multinitroimidazoles energetic materials can be of significant potential for both civilian and military applications.

I. INTRODUCTION
Energetic materials, including explosives and propellants that
are useful for a variety of military purposes and industrial
applications, have been studied for decades.1−11 In order to
meet future civilian and military safety and environmental
requirements, research efforts have been undertaken to develop
new energetic materials.12−14 Among these new molecules,
imidazole-based energetic species have drawn particular
attention due to their high heats of formation, favorable
detonation performance, good thermal stabilities, and impact
and shock insensitivity.
Previous studies of these compounds have focused on the

synthesis of novel imidazole-based derivatives, some of which
have significant biological activity,15 or on the development of
new synthetic pathways.16 A few studies have concentrated on
the physical and chemical properties of imidazole-based
energetic materials.17−23

Our previous studies of this general system have already
reported the unimolecular, isolated molecule, decomposition of
mononitroimidazoles (model systems), which are chemically
and physically similar to the dinitroimidazole energetic
materials but are not themselves energetic.24 In this case, the
NO radical is detected as the initial product of the
decomposition of electronically excited mononitroimidazoles.
Mononitroimidaoles,24 which serve as model systems for

aromatic imidazole energetic materials, dissociate from
electronic excited states and give rotationally cold and
vibrationally warm distributions of the NO product. On the
other hand, DMNA (dimethylnitramine),25 which serves as a
model molecule for the nonaromatic energetic nitramines RDX
(hexahydro-1,3,5-trinitro-1,3,5-triazine), HMX (octahydro-
1,3,5,7-tetranitro-1,3,5,7-tetrazocine), CL20 (2,4,6,8,10,12-hex-
anitro-2,4,6,8,10,12-hexaazaisowurtzitane), etc., dissociates
from electronic excited states and gives rotationally hot and
vibrationally cold distributions of the NO product. Again unlike
DMNA, the mononitroimidazoles have ground state barriers
for NO2 elimination and nitro−nitrite isomerization that are
comparable to one another, suggesting that these two channels
are competitive for solely ground state decomposition from the
equilibrium S0 structure. Given these model system differences
between aromatic (mononitroimidazoles) and nonaromatic
(DMNA) model species, the comparison of energy release from
aromatic (imidazole based) and nonaromatic (RDX, HMX,
PETN (pentaerythritoltetranitrate), etc.) energetic systems
should prove quite interesting and important for the
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fundamental understanding of the conversion of chemical
energy to mechanical energy.
Investigations of the gas phase, isolated molecule decom-

position of these nitroimidazoles following electronic excitation
will yield an improved understanding of the initial decom-
position mechanisms and dynamics for imidazole-based
energetic materials, as the decomposition mechanism must
first be of a molecular nature in an organic crystal. For
discussion about, and references to, generation of excited
electronic states through mechanical pressure on solids
(triboluminescence), see ref 26.
In this report, we focus on understanding the decomposition

mechanism and dynamics of imidazole-based energetic
molecules (1,4-dinitroimidazole, 2,4-dinitroimidazole, 1-meth-
yl-2,4-dinitroimidazole, and 1-methyl-2,4,5-trinitromidazole,
structures shown in Figure 1) based on experiments and ab

initio quantum calculations. Nanosecond energy resolved
spectroscopy is employed to investigate the electronic excited
state decomposition mechanisms and dynamics of the above
isolated gas phase multinitroimidazole energetic molecules.
Several detailed insights into the unimolecular decomposition
behavior of these multinitroimidazole energetic molecules from
their electronic excited states and ground state will be
discussed. Different reaction channels, such as NO2 elimination,
nitro−nitrite isomerization channels, and HONO elimination,
will be discussed for ground electronic state decomposition
from the Franck−Condon equilibrium point. Conical inter-
sections for 1,4-dinitroimidazole and 2,4-dinitroimidazole are
explored by the Complete Active Space Multiconfiguration Self
Consistent Field (CASSCF) methods to analyze the decom-
position mechanism for electronically excited multinitroimida-
zole energetic molecules. Comparison between energetic
materials with R−NO2 (R = C, N, O) moieties will be
considered in order to aid in the design of new energetic
materials with better stability and impact/shock insensitivity for
explosive applications.

II. EXPERIMENTAL PROCEDURES
The experimental setup consists of nanosecond (ns) laser
systems, a supersonic jet expansion pulsed nozzle, and a time-
of-flight mass spectrometer chamber, described in detail
elsewhere.27,28 Briefly, for the ns laser experiments, a single
pump−probe laser beam is employed to excite the energetic
molecule, and probe and ionize the NO product. The laser
wavelength is separately set to 226, 236, 248 nm to access the A
2Σ+(υ′=0) ← X 2Π (υ″=0,1,2) transition. The NO product is
detected by a one-color (1 + 1) resonance-enhanced, two-
photon ionization (R2PI) scheme (A 2Σ+(υ′=0) ← X 2Π
(υ″=0,1,2) transition by absorption of the first photon and then
ionization of the NO molecule by absorption of the second
photon) through time-of-flight mass spectrometry (TOFMS).
Samples (1,4-dinitroimidazole, 2,4-dinitroimidazole, 1-methyl-

2,4-dinitroimidazole, and 1-methyl-2,4,5-trinitroimidazole)
were supplied by Dr. Rao Surapaneni and Mr. Reddy
Damavarapu (ARL, Picatinny Arsenal, N. J.). The isolated gas
phase 1,4-dinitroimidazole and 2,4-dinitroimidazole molecules
are produced through a combination of matrix assisted laser
desorption (MALD) and supersonic jet expansion. The nozzle
employed for the sample beam generation is constructed from a
Jordan Co. pulsed valve and a laser desorption attachment.27

Sample drums for matrix desorption are prepared by wrapping
a piece of porous filter paper around a clean aluminum drum. A
solution of equimolar amounts of sample and matrix (R6G dye)
in acetone is uniformly sprayed on the sample drum. An air
atomizing spray nozzle (Spraying System Co.) with siphon
pressure of 10 psi is used to deposit ablation samples on the
filter paper surface. During the spraying, the drum with
attached filter paper is rotated and heated with a halogen lamp
to make sure that the sample coating is homogeneous and dry.
The dried sample drum is then placed in the laser ablation
head/nozzle assembly and put into a vacuum chamber. To
maintain a fresh sample area for each laser ablation shot, a
single motor is used to rotate and translate the sample drum
simultaneously. Due to their high vapor pressure, the isolated
gas phase 1-methyl-2,4-dinitroimidazole and 1-methyl-2,4,5-
trinitroimidazole cannot to be generated by the MALD
method; these samples are vaporized by heating the nozzle.
The imidazole-based energetic molecules, desorbed from the
drum by laser ablation at 532 nm or produced by heating, are
entrained in the flow of helium gas through a 2 × 60 mm
channel in the ablation head, and are expanded into the vacuum
chamber.
The experiment is run at a repetition rate of 10 Hz. The

timing sequence for the pulsed nozzle, ablation laser, and
ionization laser is controlled by a time delay generator (SRS
DG535). The molecular beam is perpendicularly crossed by a
UV laser beam that is focused to a spot size of about 0.5 mm at
the ionization region of a time-of-flight mass spectrometer. A
background pressure of 2 × 10−6 Torr is maintained in the
vacuum chamber during the experiment. Ion signals are
detected by a microchannel plate detector. Signals are recorded
and processed on a personal computer, using a boxcar averager
(SRS SR 250) and an analog-to-digital conversion card (Analog
Devices RTI-800).

III. COMPUTATIONAL METHODS
All calculations are carried out within the Gaussian 09
program.29 To choose a proper calculation method for
multinitroimidazole molecules, MP2 and density functional
theory (DFT) methods are applied to calculate the R−NO2
bond dissociation energy (including zero-point energies
correction), in which R denotes the remainder of the
nitroaromatic molecule. Table 1 lists the bond dissociation
energy for each nitroaromatic molecule with the corresponding
experimental result for the system. Bond dissociation energies
predicated by DFT method are in good agreement with the
experimental results, while the MP2 results are not. Thus the
DFT method, especially B3P86 and B3LYP, which have been
widely applied to investigate energetic compounds,30−35 was
used to calculate the NO2 elimination, nitro−nitrite isomer-
ization, and HONO elimination reaction channels on the
ground potential energy surface for nitroimidazole energetic
compounds.
TD-DFT37 methods using the LC-ωPBE38 and LC-BLYP39

density functional with anaug-cc-pVDZ basis set are applied to

Figure 1. Molecular structures of four nitroimidazole energetic
molecules.
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calculate the vertical excited energies for multinitroimidazoles.
The geometry optimization on the ground state potential
energy surface for nitroimidazoles is executed at the CASSCF-
(16, 12)/6-31G(d) level of theory.40 Calculations with a large
active space (16, 12) are too expensive for exploration of the
potential energy surfaces of electronically excited states,
especially requiring analytical second derivative analysis.
Therefore, a smaller active space (8, 6) is used to perform
the CASSCF calculations. The orbitals chosen for the small
active space, which are illustrated in Figure 2, are bonding π1

and antibonding π1* orbitals of the five-member ring, NO
nonbonding orbital nσNO1, π-nonbonding orbital nπO1, π-
nonbonding orbital nπO1, and the delocalized ONO π-
antibonding orbital πONO1*. Since the chosen NO2 orbitals
are located only on one NO2 group, the small active space
cannot accurately represent the potential energy surface of the
higher excited states: for these states the orbitals from two NO2
groups and the five-member ring are coupled and interact with
each other for the representation of the high excited states.
Therefore, only transition states for NO elimination after the
nitro−nitrite isomerization and the conical intersections
between the ground state and first excited state are searched
at the CASSCF(8, 6)/6-31G(d) level. Geometries of the
conical intersections are optimized with state averaging over the
S0 and S1 states with equal weights. Transition state structures
are characterized by analytical frequency calculations. No
symmetry restrictions are applied during the calculations.

IV. EXPERIMENTAL RESULTS
Four multinitroimidazoles (1,4-dinitroimidazole, 2,4-dinitroi-
midazole, 1-methyl-2,4-dinitroimidzole, and 1-methyl-2,4,5-
trinitroimidzole) have been studied at three excitation wave-
lengths (226, 236, and 248 nm). The parent molecules are
excited to an upper vibronic state by absorption of a single UV
photon. They decompose into products through specific
decomposition pathways. The NO product channel has been
detected here as the major decomposition pathway of these
multinitroimidazoles. (1 + 1) R2PI spectra of the three vibronic
transitions, A 2Σ+(υ′=0) ← X 2Π (υ″=0,1,2), of the NO
product generated by the decomposition of the electronically
excited energetic molecules (1,4-dinitroimidazole, 2,4-dinitroi-
midazole, 1-methyl-2,4-dinitroimidzole, and 1-methyl-2,4,5-
trinitroimidzole) are shown in Figures 3−6. The most intense

feature in each spectrum of NO can be assigned as the
(Q11+P12) band head of each vibronic band, and the less
intense features within each spectrum are due to other
rovibronic transitions.41,42 Spectral simulations (red lines in
Figures 3−6) based on Boltzmann population distributions for
these vibronic transitions produce similar rotational temper-
atures of 10−60 K. The vibrational temperature of the NO
product from these multinitroimidazoles can also be obtained
by simulating the relative intensities among the observed
vibronic bands, using a Boltzmann population distribution
analysis and the Franck−Condon factors. By comparing the
experimental data with simulations at different vibrational
temperatures, the vibrational temperature of the NO product is
about 1600, 1650, 1300, and 1350 K for 1,4-dinitroimidazole,
2,4-dinitroimidazole, 1-methyl-2,4-dinitroimidzole, and 1-meth-
yl-2,4,5-trinitroimidzole, respectively. They all generate rota-
tionally cold and vibrationally hot distributions of the NO
product, as do all energetic molecules we have studied
previously.43,44

Table 1. Computed Bond Dissociation Energies (kcal/mol)
at 298 K on Their Ground State Potential Energy Surfaces
from the Franck−Condon Equilibrium Geometry for
Various Nitroaromatics by MP2 and DFT Calculational
Methodsa

compdb
MP2/6

-311G(d,p)
B3P86/6
-311G(d,p) exptlc

C6H5-NO2 97.8 70.7 70.7 ± 1
3-NO2-C6H4-1-NO2 96.6 68.2 66.5
4- NO2-C6H4-1-NO2 97.0 68.1 67.0
2-CH3-C6H4-1-NO2 96.8 68.0 70.2 ± 2.5
4- CH3-C6H4-1-NO2 99.0 71.8 71.4 ± 2.3
3,5-(NO2)2-C6H3-1-NO2 95.5 66.1 66.0
2-CH3-4-NO2- C6H3-1-
NO2

96.1 65.5 70.6 ± 2

furan-2-NO2 86.6 74.0 70.4
aZero-point energies are taken into account. bThe boldface
emphasizes the dissociated nitro group. cThe data are from ref 36.

Figure 2. Orbitals used in the active space (8, 6) for CASSCF
calculations for 2,4-dinitroimidazole are shown as an example.

Figure 3. One color (1 + 1) R2PI spectra of the vibronic transitions
A2Σ+(υ′=0) ← X2 Π (υ″=0,1,2) of NO products from the
decomposition of electronically excited 1,4-dinitroimidazole. Rota-
tional temperature simulations (red) with a Boltzmann population
distribution show that these three observed vibrational levels of NO
products have cold rotational temperatures of ∼30 K. The vibrational
temperature of NO products from 1,4-dinitroimidazole is estimated to
be ∼1600 K.
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V. THEORETICAL RESULTS
A. Electronic Ground State Decomposition from the

Franck−Condon Equilibrium Point. Three dissociation
channels, NO2 elimination, nitro−nitrite isomerization followed
by NO elimination, and HONO elimination, could play
important roles in the decomposition of nitroimidazoles on
the electronic ground state surface. Theoretical exploration of
these three reaction channels is considered below in order to

judge which one of them is energetically more favorable for
multinitroimidazoles.
The energy barriers for NO2 elimination and nitro−nitrite

isomerization of multinitroimidazoles (1,4-dinitroimidazole,
2,4-dinitroimidazole, 1-methyl-2,4-dinitroimidzole, and 1-meth-
yl-2,4,5-trinitroimidzole) on their electronic ground states from
the Franck−Condon equilibrium geometry are reported in
Table 2. NO2 elimination and nitro−nitrite isomerization of all
NO2 groups at the different positions on the imidazole aromatic
ring have been calculated at the B3P86/6-311G(d,p) level of
theory. Multinitroimidazoles (except for 1,4-dinitroimidazole)
have comparable energy barriers of about 65 kcal/mol for both
C−NO2 homolysis and nitro−nitrite isomerization reaction
channels. These energy barriers are not necessarily the only
consideration for determination of a dominant reaction
channel, however. Other dynamic and kinetic factors such as
reaction enthalpy, reaction rate, etc. should also be taken into
account to reveal the primary decomposition process, as has
been reported8 for the gas phase thermal decomposition of
HMX. Nonetheless, based on energy barriers alone, the NO2
elimination and nitro−nitrite isomerization channels will
compete with each other for the electronic ground state
decomposition of these nitroimidazole model molecules from
the Franck−Condon equilibrium point.
With regard to 1,4-dinitroimidazole, the energy barrier for

NO2 elimination from N1−NO2 homolysis is 34.5 kcal/mol,
which is much lower than that of the nitro−nitrite isomer-
ization for N1−NO2 (69.6 kcal/mol) or C4−NO2 (61.0 kcal/
mol). The weakest bond in the molecule will determine the
decomposition reaction behavior, in this instance. Thus N−
NO2 homolysis is predicted to be the more favorable
decomposition channel for the 1,4-dinitroimidazole remaining
on the ground state PES.
To estimate the HONO elimination reaction channel, the

energy barriers of HONO elimination for 2,4-dinitroimidazole
have been calculated at the B3P86/6-311G(d,p) level as shown
in Figure 7. This dissociation channel requires roughly 43.2

Figure 4. One color (1 + 1) R2PI spectra of the vibronic transitions
A2Σ+(υ′=0) ← X2 Π (υ″=0,1,2) of NO products from the
decomposition of electronically excited 2,4-dinitroimidazole. Rota-
tional temperature simulations (red) with a Boltzmann population
distribution show that these three observed vibrational levels of NO
products have cold rotational temperatures of 30−35 K. The
vibrational temperature of NO products from 2,4-dinitroimidazole is
estimated to be ∼1650 K.

Figure 5. One color (1 + 1) R2PI spectra of the vibronic transitions A
2Σ+(υ′=0) ← X2 Π (υ″=0,1,2) of NO products from the
decomposition of electronically excited 1-methyl-2,4-dinitroimidazole.
Rotational temperature simulations (red) with a Boltzmann
population distribution show that these three observed vibrational
levels of NO products have cold rotational temperatures of 10−20 K.
The vibrational temperature of NO products from 1-methyl-2,4-
dinitroimidazole is estimated to be ∼1300 K.

Figure 6. One color (1 + 1) R2PI spectra of the vibronic transitions A
2Σ+(υ′=0) ← X2 Π (υ″=0,1,2) of NO products from the
decomposition of electronically excited 1-methyl-2,4,5-dinitroimida-
zole. Rotational temperature simulations (red) with a Boltzmann
population distribution show that these three observed vibrational
levels of NO products have cold rotational temperatures of ∼60 K.
The vibrational temperature of NO products from 1-methyl-2,4,5-
trinitroimidazole is estimated to be ∼1350 K.
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kcal/mol activation energy to transfer the H atom from the C
atom of the imidazole ring to the O atom of the NO2 moiety.
After forming the HONO elimination intermediate, 81.4 kcal/
mol activation energy is required to break the C−N bond and
produce HONO. The total energy barrier is about 123.2 kcal/
mol, which is much higher than the barriers of NO2 elimination
and nitro−nitrite isomerization. Thus the HONO elimination
reaction channel is excluded for the decomposition process of
multinitroimidazoles.
B. Decomposition Following Excitation to Electronic

Excited States. TD-DFT calculations of the electronic
excitation energies of nitrobenzene at the LC-ωPBE/aug-cc-
pVDZ and LC-BLYP/aug-cc-pVDZ levels have been performed
by Jason et al.37 The calculated results are in good agreement
with the experimental results. Thus the vertical excitation
energies for 1,4-dinitroimidazole and 2,4-dinitroimidazole have
been explored at the LC-ωPBE/aug-cc-pVDZ38 and LC-BLYP/
aug-cc-pVDZ39 level: the results of this calculation are listed in

Table 3. Comparison of the excitation energies (5.49 eV at 226
nm, 5.25 eV at 236 nm, and 5.00 eV at 248 nm) used in this

work with the calculated vertical excitation energies suggests
that these nitroimidazole energetic molecules may be excited at
least to their S5 electronic excited states. Due to the large
number of nonbonding electrons in these nitroaromatic
compounds and the high excited states involved in the reaction,
entire potential energy surfaces have not been explored by the
CASSCF method, as we have done for other energetic
systems.24

The optimized structures (S0 equilibrium or Franck−
Condon position) for 1,4-dinitroimidazole and 2,4-dinitroimi-
dazole on the ground state surface employing a CASSCF active
space of (16, 12) are shown in panels a adn d of Figure 8.
These two optimized geometries belong to the Cs point group
and the nitro groups are in the plane of the imidazole ring. A
small active space CASSCF (8, 6), in which all chosen orbitals
are mostly located on one nitro group as shown in Figure 2, is
used to search for conical intersections,48−51 even though we
cannot explore whole PESs within this approximation.
Figure 8 shows the geometries at the conical intersections

between the ground state (S0) and the first excited state (S1)
for 1,4-dinitroimidazole and 2,4-dinitroimidazole. Two conical
intersections have been found for each dinitroimidazole. Figure
8b is the geometry of the conical intersection between S0 and S1
for 1,4-dinitroimidazole considering only the NO2 group

Table 2. Barriers (kcal/mol) for NO2 Elimination and Nitro−Nitrite Isomerization for Different Compounds on Their Ground
State Potential Energy Surfaces

compds methods bond NO2 elimination nitro−nitrite isomerization h50% (cm)a

1,4-dinitroimidazole B3P86/6-311G(d,p) N1−NO2 34.5 69.6 55
C4−NO2 70.0 61.0

2,4-dinitroimidazole B3P86/6-311G(d,p) C2−NO2 69.1 61.3 105
C4−NO2 70.1 64.6

1-methyl-2,4-dinitroimidazole B3P86/6-311G(d,p) C2−NO2 67.4 58.2
C4−NO2 70.5 64.7

1-methyl-2,4,5-trinitroimidazole B3P86/6-311G(d,p) C2−NO2 63.3 54.7
C4−NO2 61.7 52.3
C5−NO2 61.0 53.2

HMX N−NO2
b 38.1 46.3 32

RDX B-PW91/cc-pVDZ N−NO2
c 34.2 28

ONIOM(MP2/6-31G(d):UFF) N−NO2
d 41.0 92.2

PETN CAS(6,6)/6-31G(d) O−NO2
e 35 60 16

exptl O−NO2
f 36.1

aReferences 4, 5, and 45. bReference 8. cReference 46. dReference 47. eReference 43. fReference 7.

Figure 7. Potential energies and structures for HONO elimination
from 2,4-dinitroimidazole. “TS” is the transition state for the H atom
transferring from the C atom to the O atom. “Inter” is the
intermediate for HONO elimination. “HONO elimination” is the
final dissociated product. Surmounting the 123.2 kcal/mol energy
barrier is required for HONO elimination compared to the Franck−
Condon geometry of 2,4-dinitroimidazole.

Table 3. Electronic Excitation Energies (eV) of 1,4-
Dinitroimidazole and 2,4-Dinitroimidazole

1,4-dinitroimidazole 2,4-dinitroimidazole

electronic excited
states

TD-LC-
ωPBEa

TD-LC-
BLYPa

TD-LC-
ωPBEa

TD-LC-
BLYPa

S1 3.82 3.87 3.81 3.85
S2 4.28 4.34 3.85 3.91
S3 4.38 4.42 4.30 4.37
S4 4.93 5.02 4.34 4.40
S5 5.00 5.06 5.07 5.14
S6 5.71 5.81 5.54 5.60
S7 6.11 6.18 5.92 6.09
S8 6.21 6.25 6.16 6.13

aaug-cc-pVDZ basis set.
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located on the N1 atom of the imidazole ring. Figure 8c is the
geometry of the other conical intersection between S0 and S1 of
1,4-dinitroimidazole considering only the NO2 group located
on the C4 atom of the imidazole ring. The energy gaps between
S0 and S1 at the conical intersections are 0.70 and 0.44 cm−1,
respectively. Figure 8e shows the geometry at the conical
intersection between S0 and S1 of 2,4-dinitroimidazole
considering only the NO2 group located on the C2 atom of
the imidazole ring. Figure 8f is the geometry of the other
conical intersection between S0 and S1 of 2,4-dinitroimidazole
considering only the NO2 group located on the C4 atom of the
imidazole ring. The energy gaps between S0 and S1 for these
conical intersections are 0.30 and 0.77 cm−1, respectively. The
small adiabatic energy gaps between S0 and S1 suggest that the
S1 and S0 surfaces are strongly nonadiabatically coupled at all
these conical intersection points. This strong coupling implies
that excited nitroimidazole energetic molecules undergo
(nonadiabatic) transitions from the excited electronic state to
the ground state through the conical intersection (S1/S0)CI.
Two conical intersections (S1/S0)CI found for nitroimidazole
energetic molecules may imply that the more nitro groups on
the imidazole ring, the greater the probability for conical
intersections between the various PESs.

VI. DISCUSION

A. Decomposition Mechanism Following Excitation to
Electronic Excited States. Based on our previous research on
energetic materials,43,44,47,51,52 conical intersections play a
crucial role in the decomposition process of electronically

excited energetic molecules; most excited energetic molecules
descend to the ground state through a series of conical
intersections, and generate, for an NO2 containing molecule, an
NO molecule following a nitro−nitrite isomerization on the
ground state surface. Previous study24 also reveals that conical
intersections (S2/S1)CI and (S1/S0)CI have been found for
mononitroimidazoles (model), which mostly descend to the
first electronic excited state through conical intersections (S2/
S1)CI and then generate an NO molecule following a nitro−
nitrite isomerization. Multinitroimidazoles (energetic) of
course have more complex PESs compared to mononitroimi-
dazoles due to additional nitro groups on the aromatic ring.
Thus the nonadiabatic vibronic coupling between each PES of
multinitroimidazoles should experience a significant increase
over that found for the mononitroimidazoles. Quenneville et
al.37 have calculated the excited state PESs of TNT using time-
dependent density functional theory and multiconfigurational
ab initio methods, and also found multiple conical intersections
(S1/S0)CI. They consider that for TNT the S1→ S0 de-
excitation pathways are similar to those for nitrobenzene, and
access to the nonadiabatic region is controlled by motion of a
single NO2 group. Thus the probability of relaxation from S1 to
S0 through nonadiabatic coupling (conical intersection)
increases with the number of NO2 groups for aromatic
energetic molecules, such as multinitroimidazoles as well.
As shown in Figures 3−6, the experimental results indicate

that the NO product from multinitroimidazoles has an excited
vibrational distribution and the vibrational temperature is as
high as 1600 K. The high vibrational excitation can be obtained

Figure 8. (a and d) The minimum energy geometries of 1,4-dinitroimidazole and 2,4-dinitroimidazole on the ground state optimized at the
CASSCF(16, 12)/6-31G(d) level. (b and c) S1/S0 conical intersection geometries for 1,4-dinitroimidazole calculated at the CASSCF(8, 6)/6-
31G(d) level. (e and f) S1/S0 conical intersection geometries for 2,4-dinitroimidazole calculated at the CASSCF(8, 6)/6-31G(d) level. ΔE is the
energy gap between S1 and S0 at the conical intersection point.
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only when the molecule stores significant electronic excitation
energy that can be used to excite vibrational degrees of freedom
after it descends back to the ground state surface.
Figure 9 represents the final transition states for NO

elimination from nitro−nitrite isomerization of 1,4-dinitroimi-

dazole and 2,4-dinitroimidazole on the electronic ground state
calculated at the CASSCF(8, 6)/6-31G(d) level. The imaginary
frequency mode of vibration associated with the relevant
transition state on the ground electronic state surface does not
generate a resultant torque on the NO moiety during
dissociation of the parent molecule: this reaction coordinate
generates an NO product with a cold rotational distribution.
This conclusion is in a good agreement with our experimental
results.
Kimmel et al.53 studied the isolated energetic molecule 1,1-

diamino-2,2-dinitroethylene (FOX-7) by means of density
functional theory. They also find that the nitro−nitrite
rearrangement followed by CO−NO bond homolysis is an
important decomposition channel, especially, for excitation of
the neutral FOX-7 molecule.
As discussed above, despite the inability to calculate entire

PESs for multinitroimidazole molecules, we conclude that
excited multinitroimidazoles descend to the ground state
through a series of conical intersections and dissociate on the
ground state PES after nitro−nitrite isomerization to produce
an NO initial decomposition product. This Sn → ... → S0
pathway through a series of CIs leaves the molecule on a new
part of the S0 PES not necessary near the FC equilibrium point.
B. Relationship between Impact Sensitivities and

Bond Dissociation Energies. Impact sensitivity is an
important performance parameter for energetic materials.
Calculation and prediction of the impact sensitivity for
energetic materials can aid in the design of new energetic

materials with better stability and impact/shock insensitivity for
multiple applications. As is well-known, the bond strength of
the weakest bond for an energetic molecule is of considerable
importance, since the rupture of this linkage can be a key factor
in many decomposition processes. Usually the bond R−NO2
(R = C, N, or O) is the weakest one in an energetic molecule
and rupture of that bond can be the first step in the
decomposition process from the S0 equilibrium geometry.
Thus, the stability and impact/shock sensitivity of energetic
materials have been related to the strengths of the R−NO2
bonds, which have been studied by several groups.4−6,22,23,54

In this disscussion,the barriers to dissociation and the bond
dissociation energies for the R−NO2 bond are numerically
equivalent based on our calculated results. Thus the barriers for
NO2 elimination shown in Table 2 are treated as the bond
dissociation energies for the R−NO2 bond in the following
discussion. As shown in Table 2, even though calculational
methods for these energetic materials are different, the basic
trend still can be obtained that the C−NO2 bond, which
requires an average of 65 kcal/mol of energy to break, is much
stronger than the N−NO2 and O−NO2 bonds, which require
only 35−45 kcal/mol to rupture. In other words, the C−NO2
energetic materials are more thermally stable and less impact
sensitive than N−NO2 and O−NO2 energetic materials. The
impact sensitivity values h50% (the height from which a given
weight falling upon the compound gives a 50% probability of
initiating an explosion) obtained by other research groups4,5,45

for 1,4-dinitroimidazole, 2,4-dinitromidazole, HMX, RDX, and
PETN are 55, 105, 32, 28, and 16 cm, respectively. Our
prediction that multinitroimidazoles (C−NO2) are more stable
than HMX, RDX, and PETN (N−NO2, O−NO2) is in good
agreement with these results. The imidazole aromatic ring also
can help improve the stability of energetic materials, comparing
1,4-dinitroimidazole (55 cm), HMX (32 cm), and RDX (28
cm), which all have a weak N−NO2 bond. The impact
sensitivity value h50% for TNT (C−NO2) is 160 cm,45 which
also demonstrates that an aromatic ring can improve the
stability of energetic materials. These correlations and
comparisons suggest that energetic materials with a C−NO2
moiety are more thermally stable and impact/shock insensitive
than are those with N−NO2 and O−NO2 moieties; an aromatic
ring can also improve stability of energetic materials. Aromatic
moieties should play an important role in the future synthesis of
new energetic materials.

VII. CONCLUSIONS
The initial steps in release of the stored chemical energy for
four multinitroimidazole energetic molecules (1,4-dinitroimi-
dazole, 2,4-dinitroimidazole, 1-methyl-2,4-dinitroimidazole, and
1-methyl-2,4,5-trinitroimidazole) have been studied experimen-
tally and theoretically. These multinitroimidazoles generate NO
as the dominant initial decomposition product, with vibration-
ally hot (1300−1600 K) and rotationally cold (10−60 K)
internal energy distributions, following excitation at the
nanosecond laser wavelengths (248, 236, 226 nm). These
excitation energies correspond to three vibronic transitions, A
2Σ+ (υ′=0) ← X 2Π (υ″=0,1,2) of the NO molecule. The
observed decomposition behavior is independent of excitation
wavelength. These results are consistent with our previous
research on energetic materials.43,44,47,51,52

S1/S0 conical intersections have been found for 1,4-
dinitroimidazole and 2,4-dinitroimidazole, and small energy
gaps between S1 and S0 at conical intersection points imply

Figure 9. Transition states for NO elimination from nitro−nitrite
isomerization on the electronic ground state calculated at the
CASSCF(8, 6)/6-31G(d) level. The arrows on the structures of the
transition states show the reaction coordinate of the imaginary
frequency. (a) The transition state for NO elimination for the NO2
moiety on the N1 atom of 1,4-dinitroimidazole. (b) The transition
state for NO elimination for the NO2 moiety on the C4 atom of 1,4-
dinitroimidazole. (c) The transition state for NO elimination for the
NO2 moiety on the C2 atom of 2,4-dinitroimidazole. (d) The
transition state for NO elimination for the NO2 moiety on the C4
atom of 2,4-dinitroimidazole.
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strong nonadiabatic coupling of the respective adiabatic PESs.
The final reaction coordinate, the imaginary frequency for the
transition states for NO elimination from nitro−nitrite
isomerization for 1,4-dinitroimidazole and 2,4-dinitroimidazole,
does not generate a large component of torque on the
eliminated NO; the product NO is thereby expected to be
rotationally cold, in agreement with experimental results.
Although excited PESs have not been explored for this system,
we can conclude that the possible reaction mechanism for the
decomposition of multinitroimidazoles after electronic excita-
tion is the following: electronically excited multinitroimidazoles
descend to their ground electronic state through a series of
conical intersections, dissociate on the ground state PES
subsequent to nitro−nitrite isomerization, and produce vibra-
tionally hot and rotationally cold NO products.
Thermal decomposition (electronic ground state decom-

position from the Franck−Condon equilibrium point) of
multinitroimidazoles exhibits a complex reaction process. For
most multinitroimidazoles containing only the C−NO2 moiety,
NO2 elimination and NO elimination following nitro−nitrite
isomerization are competitive channels on the ground
electronic state PES from the S0 equilibrium geometry. Due
to the relatively large difference between the energy barriers for
C−NO2 and N−NO2 elimination, the above result is different
from that found for HMX and RDX, for which NO2 elimination
can be the main decomposition channel on the ground state
PES starting at the S0 equilibrium geometry.
The relative strength of the weakest C−NO2, N−NO2, and

O−NO2 bonds in different energetic materials can often be
related to the stability and impact/shock sensitivity of the
energetic material. Energetic materials of the C−NO2 type
usually are more thermally stable and less impact/shock
sensitive than those with N−NO2 and O−NO2 bonds for
NO2 containing energetic materials. Aromatic rings, such as
benzene and imidazole, can also improve the stability of the
energetic material by enhancing the R−NO2 (R = C, N, O)
bond strength.
Further study of electronically excited nitroimidazole

energetic materials is still needed to check the prediction for
the de-excitation pathway. Other multireference correlation
methods (beside CASSCF) may be needed to explore the
whole PESs, even though such calculations are expected to be
expensive.
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