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ABSTRACT
The combined results of ab initio electronic-structure calculations, nonadiabatic molecular dynamics simulations using ab initio multiple
spawning, and previous spectroscopic investigations of jet-cooled molecules provide strong evidence of a (π,σ∗)-mediated decomposition
mechanism for the furazan and triazole energetic molecules. The importance of dissociative excited states formed by electron promotion
from a π molecular orbital to a σ∗ molecular orbital is explored for the furazan and triazole energetic molecules. Dissociative (π,σ∗) states of
furazan and triazole energetic molecules can be populated by nonadiabatic surface jump from the (π,π∗) or the (n,π∗) state. Finally, conical
intersections between (π,σ∗) potential energy surfaces (PESs) and the ground PES influence the eventual fragmentation dynamics of the
furazan and triazole energetic molecules. Due to structural similarity of the triazole molecule with the pyrrole molecule, a comparison of
nonadiabatic dynamics of these two molecules is also presented. The N–N bond dissociation is found to be a barrierless pathway for the
triazole molecule, whereas the N–H bond dissociation exhibits a barrierless pathway for the pyrrole molecule. The present work, thus, provides
insights into the excited-state chemistry of furazan and triazole energetic functional groups. The same insight can also be relevant for other
energetic molecules.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5088995

I. INTRODUCTION

Obtaining a predictive molecular understanding of the release
of stored chemical energy from energetic compounds represents a
major challenge for physical chemistry.1,2 Energetic molecules typi-
cally release their stored chemical energy by means of different initi-
ation events, such as laser ignition and shock waves. These initiation
events can easily excite energetic species to various electronically
excited states.3,4 To understand the dynamics of initial fragmenta-
tion, we must know how the initial electronic excitation is eventually
concentrated in chemical bonds, which can then rupture. Uncover-
ing such mechanisms and dynamics, taking examples of furazan and
triazole energetic molecules, is at the heart of the research reported
in the present article.

Many interesting aspects of the decomposition of energetic
molecules from the low-lying electronically excited states are already

evident from previously published results.5–7 The ubiquitous role of
conical intersections is evident in the de-excitation process of iso-
lated gas phase energetic molecules. However, the importance of
(π,σ∗) excited states (these electronically excited states are formed
by electronic excitation from an occupied π orbital to an unoccupied
σ∗ orbital) in the initial step of the energy release process of different
energetic molecules has not previously been evaluated or empha-
sized. In the present work, two nitrogen-rich energetic molecules,
namely, furazan and triazole (2H-1,2,3-triazole), are selected for
particular attention. These molecules are frequently used to synthe-
size high energy density nitrogen-rich energetic materials.8,9 They
give unified evidence that the electronic excitation-based initia-
tion energy is first concentrated in certain chemical bonds of these
molecules, breaking them during the initial relaxation process: a
dissociative (π,σ∗) excited state controls the final mechanism and
dynamics of the initial step of decomposition of these two molecules.
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Before we unravel the important role of the (π,σ∗) excited
states in the initial step of the energy release process of furazan
and triazole energetic molecules, we briefly review the existing
understanding of the role of the (n,σ∗) and (π,σ∗) excited states
in general organic photochemistry. Over the last few years, physi-
cal and physical-organic chemistry researchers have demonstrated
an increased interest (both theoretical and experimental) in the
photochemistry of heteroaromatic molecules (e.g., azoles, imida-
zoles, azines). Excited electronic states of such molecules, termed
(n,σ∗) and (π,σ∗) states in the recent literature, may be popu-
lated by direct photoexcitation or indirectly by nonadiabatic cou-
pling from an optically “bright” excited state [e.g., an excited state
resulting from (π,π∗) excitation]. Many examples are already doc-
umented in the literature to illustrate the photochemical impor-
tance of (π,σ∗) excited states. For example, imidazole and pyr-
role, which are key chromophores in many biological molecules,
exhibit electronically excited states formed via (π,σ∗) electronic
excitation. Ashfold and co-workers’ recent experiments10 have val-
idated Sobolewski and co-workers’ earlier prediction11 that N–H
bond fission should be an important contributor to the nonradia-
tive decay of such heteroaromatics in their (π,σ∗) states. Stolow and
co-workers’ experiments12 have also supported similar conclusion
that a (π,σ∗) state plays a major role in the deactivation dynamics
of adenine. Therefore, the important role of the (π,σ∗) excited state
in the photochemistry of heteroaromatic molecules is no longer in
doubt.13

The role of (π,σ∗) excited states in the initial step of decom-
position of energetic molecules is still an unexplored subject. The
present contribution, analyzing two families of energetic molecules
(furazan and triazole), gives unambiguous and unified evidence of
the important and controlling role of (π,σ∗) states in determining
their explosive property at the molecular level. For the present inves-
tigation, we have involved ab initio electronic-structure calculations
(using complete active space self-consistent field or CASSCF theory),
nonadiabatic ab initio molecular dynamics simulations [employing
the ab initio multiple spawning (AIMS)], and previous spectroscopic
investigations of jet-cooled energetic molecules to show strong evi-
dence of a very simple and general mechanistic picture of the dis-
sociative, nonradiative decay of furazan and triazole-based energetic
molecules.

II. COMPUTATIONAL METHODS
The ground-state geometry of every molecule studied here was

first optimized by the restricted second-order Møller–Plesset (MP2)
method. These optimized geometries were then used to perform
subsequent computations (including reoptimization of the ground
state geometry) using the complete active space self-consistent
field (CASSCF) method. The standard 6-31G(d), 6-31G(d,p), and
6-31+G(d,p) basis sets for all the atoms were used. These basis
sets were selected to successfully reproduce previously observed
and computed vertical excitation energies of the molecules stud-
ied here. Our previous studies show that these basis sets along with
CASSCF wavefunction well reproduce electronically excited states
and nonadiabatic dynamics from the S1 excited state of energetic
molecules.6

For the construction of the reaction path, the coordinate-
driven minimum energy path (relaxed scan) approach was adopted.

This means that for a given value of the bond length, all remain-
ing intramolecular coordinates were optimized. These computa-
tions were performed using Molpro.14 The relax scan was carried
out on the S1 state with the gradient of the S1 state because, in
the present work, we are interested in evolution of the S1 state
only.

The shock wave or compression wave may excite the energetic
species to any of their electronically excited states. These mechani-
cal excitation processes do not necessarily follow optical excitation
selection rules. This is why, in the present work, we are interested
neither in photoabsorption cross section for the particular electronic
excitation nor in optically bright or dark states. The focus of our
present work is on the lowest-lying electronically excited S1 state
of the energetic species and the ultrafast electronically nonadiabatic
chemical dynamics from the respective S1 excited state.

The active space for the complete active space self-consistent
field calculations for each energetic species studied here is selected
keeping relevant antibonding σ∗ orbital in mind. Minimum energy
conical intersection (MECI) geometry for each energetic molecule
was also optimized with state average complete active space self-
consistent field (SA-CASSCF) wavefunction using the algorithm
implemented in Molpro.14

Details of ab initio multiple spawning (AIMS) simulations can
be found elsewhere.6 An SA-CASSCF wavefunction is employed
for the AIMS calculations because it is suitable for the computa-
tion of potential energy surfaces (PESs) particularly for the regions
where two surfaces (upper and lower) come in close energy prox-
imity (e.g., at/near conical intersections). The AIMS method,15

which was developed by the Martinez group, uses the basis set
approach to incorporate quantum mechanical effects for nuclear
wavefunction. In this methodology, the travelling frozen (with
fixed width) Gaussian basis (under frozen Gaussian approxima-
tion) is used to expand the nuclear wavefunction. In all AIMS
simulations, initial positions and momenta are sampled from the
Wigner distribution for the ground vibrational state (under har-
monic oscillator approximation) on the ground electronic state
surface.

Each AIMS simulation starts with a single trajectory basis func-
tion (TBF) on the upper electronic state. The spawning mechanism
of AIMS methodology enables generation of new TBF on the lower
electronic state surface, once the strength of nonadiabatic coupling
increases beyond a certain threshold value (CSThresh is taken as
3.0 a.u. for all dynamics simulations performed here). This, in turn,
transfers population from the upper state to the lower state. It is
quite implicit that the nonadiabatic coupling is stronger near conical
intersection than that near the Franck-Condon (FC) region. There-
fore, spawning occurs primarily near the conical intersection region
in AIMS simulation. More details of these spawning mechanisms are
given in Martinez’s publications.15

In the present work, the ultrafast nonadiabatic relaxation
dynamics of furazan and triazole molecules from the first singlet (S1)
electronically excited state to the S0 ground state is studied using
the AIMS module implemented in Molpro.14,15 The simulation time
step is set to be 20 a.u. (or 0.48 fs) for regions far away from con-
ical intersection (regions with CSThresh <3.0 a.u.) and the same
changes to 5 a.u. (or 0.12 fs) for regions near the conical intersection
(regions with CSThresh >3.0 a.u., indicating strong nonadiabatic
coupling).
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III. RESULTS AND DISCUSSION
A. Initial N–O bond dissociation in furazan

Furazan (see Fig. 1 for chemical structure of furazan) is
one of the novel energetic moieties which are used to synthesize
nitrogen-rich energetic materials: for example, 3,3′-diamino-4,4′-
azoxyfurazan (DAAF).8 Decomposition of furazan following elec-
tronic excitation to the low-lying electronically excited state was
experimentally studied by Bernstein and co-workers.16 The follow-
ing reaction scheme is evident:

Furazan→ NO + H2C2N.

Based on the experimental results and previous CASSCF calcula-
tions, one of the possible mechanisms, which ultimately renders the
NO product, is via initial N–O bond dissociation, which first opens
the furazan five member ring: this ring opening pathway involves
a minimum energy conical intersection between the S1 and S0
states.

The most stable geometry of furazan (referred to as S0,fur,
see Fig. 1), optimized at the CASSCF(8,7)/6-31G(d) level of
theory, exhibits a planar structure. The (8,7) active space of
furazan is shown in Fig. 2(a) and is appropriately selected to
include one NO antibonding σNO∗ orbital in the active space. The
role of this orbital will be explained soon. We have computed
the vertical excitation energies to a few low-lying electronically
excited states of the furazan molecule using the SA-CASSCF the-
ory with the 6-31G(d) basis set. Electronic excitation characteristics
associated with corresponding excitation energies are also depicted
in Fig. 2(b). The SA-CASSCF(8,7)/6-31G(d) level of theory reveals
that the first lowest-lying (n,π∗), (π,π∗), and (π,σ∗) excited states
of furazan possess the vertical excitation energies of 4.71, 6.16,
and 10.58 eV, respectively. Furthermore, the lowest (π,σ∗) state in
the furazan system (at the Franck-Condon point or at the ground
state optimized geometry, S0,fur) is classified as an electronic excita-
tion from the ring π orbital to the NO σ∗ antibonding orbital [see
Fig. 2(b)]. Here, we note that the CASSCF(8,7)-calculated vertical
excitation energy of the S1(n,π∗) excited state of furazan shows a very

FIG. 1. Optimized structures of (a) furazan, (b) 2H-triazole, and (c) pyrrole. Respective ground state optimized geometries and optimized minimum energy conical intersections
are shown with relevant geometrical parameters. All optimizations for the furazan molecule were performed at the CASSCF(8,7)/6-31G(d) level of theory, and the same for
the 2H-triazole and pyrrole was done at the CASSCF(8,6)/6-31G(d,p) and CASSCF(8,6)/6-31+G(d,p) levels of theory, respectively.
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FIG. 2. (a) Molecular orbitals, used in the (8,7) active space
of furazan, are shown. (b) Electronic excitation characters
(determined from the configuration state function with the
highest weight) associated with different excited state ener-
gies of furazan, as obtained at the CASSCF(8,7)/6-31G(d)
level of theory, are shown.

good agreement with the previously computed CASMP2(10,7)-value
of 4.70 eV.16(a)

In order to understand the initial N–O bond dissociation path-
way in the spirit of involvement of a (π,σ∗) excited state, one must
consider cuts through the multidimensional potential energy sur-
faces (PESs) of the gas phase, isolated furazan molecule, plotted
against the N–O inter-nuclear distance. Figure 3(a) shows such
plots: these PE curves do not change the electronic character for
a certain region of the N–O inter-nuclear coordinate, and hence,
that region of the curve can be identified as adiabatic (adiabatic
region of the curve is represented by a single color). However, we
note that the overall S1 state is diabatic because it changes char-
acter from (n,π∗) to (π,σ∗) (note the red to green color change
for the S1 state). Figure 3(b) can easily help one identify the exci-
tation character at different positions of the scan. To maintain
clarity in the presentation of Fig. 3(a), only the lowest energy
(n,π∗), (π,π∗), and (π,σ∗) states are shown along with the ground
state. The PE curves shown in Fig. 3(a) feature minimum-energy
reaction-path profiles: these profiles are constructed by optimiz-
ing the values of all coordinates except for the given value of the
reaction coordinate (more technically they are called relaxed scan
profiles) and are obtained at the CASSCF(8,7)/6-31G(d) level of
theory.

Figure 3(a) reveals that both the (n,π∗) and (π,π∗) states are
bound, but the (π,σ∗) state is repulsive (dissociative) with respect
to the N–O stretch coordinate. The dissociative nature (shape) of
the (π,σ∗) PE profile in the furazan system originates from the

fact that the σ∗ antibonding character provides a strong driving
force for the N–O bond dissociation in the respective (π,σ∗) state.
Figure 3(a) also indicates that the (π,σ∗) potential curve eventually
correlates with the ground state and thus should exhibit a con-
ical intersection with the S0 PES. In fact, one minimum energy
conical intersection (MECI) point for furazan is located through
the CASSCF(8,7)/6-31G(d) level of theory: the corresponding opti-
mized geometry is given in Fig. 1 [see (S0/Sπ,σ*)CI,fur,NO geometry].
The structure of furazan at this MECI clearly exhibits a very elon-
gated N–O bond with respect to the ground state optimized geom-
etry. Here, we note that the speculation of existence of other con-
ical intersections, such as the one between the (n,π∗) and (π,σ∗)
states and the one between the (π,π∗) and (π,σ∗) states, made
by relaxed scan was further confirmed by locating the respective
minimum energy conical intersections (see Fig. 1 for the respec-
tive optimized geometries). The relative energies of the minimum
energy (Snπ* /Sπσ*)CI,fur, (Sππ* /Sπσ*)CI,fur, and (S0/Sπσ*)CI,fur,N - O con-
ical intersections with respect to the energy of the ground state
optimized geometry are found to be 4.65, 6.08, and 0.99 eV,
respectively.

Therefore, the key point for the nonadiabatic reaction of
furazan, as revealed from the above computational results, is the
predissociative nature of the lowest-lying excited (n,π∗) and (π,π∗)
excited states induced by the repulsive (π,σ∗) state. Furazan shows
that a (π,π∗)–(π,σ∗) curve crossing and a (n,π∗)–(π,σ∗) curve cross-
ing occur at an intermediate N–O distance [see Fig. 3(a)]. There-
fore, one can easily speculate from Fig. 3(a) that radiationless
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FIG. 3. (a) The PE profiles for the ground
and the lowest-lying excited (n,π∗),
(π,π∗), and (π,σ∗) states of furazan plot-
ted against the N–O stretch coordinate,
RN–O. These profiles are obtained at the
CASSCF(8,7)/6-31G(d) level of theory.
(b) Electronic excitation characters asso-
ciated with CSF’s percent contributions
at different positions of the scan are
depicted.

transfer to the (π,σ∗) state after excitation to either of the (n,π∗)
and (π,π∗) states may constitute efficient nonadiabatic decay routes
for the furazan moiety. This decay route accompanies the ini-
tial N–O bond dissociation (through the ring opening mecha-
nism) and eventually transfers population to the ground electronic
state.

The qualitative topographical features of the PE curves result-
ing from the crossing of a repulsive (π,σ∗) state with bound (n,π∗)
and (π,π∗) states are directly manifested in the ultrafast relax-
ation process of this molecule, as evident in Figs. 4(a) and 4(b).
Figure 4(a) depicts the change in average population of the furazan
molecule on the S1 excited state as a function of the simulation
time (femtoseconds), as revealed by the AIMS simulations per-
formed at the SA-CASSCF(8,7)/6-31G(d) level of theory. We find
that the quenching of the S1 excited state population to the ground
electronic state for the furazan molecule occurs in approximately
133 fs. The nonadiabatic decay occurs through the N–O bond dis-
sociation (via a ring opening mechanism). See Fig. 4(b) for closer
inspection of the variation of the relevant N–O bond distance of
the furazan molecule as a function of simulation time. We find
that the average N–O bond elongates as the molecule approaches
the (S0/Sπ,σ*)CI,fur,NO conical intersection: this supports the ring
opening mechanism. The AIMS-predicted ring opening mecha-
nism was previously predicted as one of the decomposition mech-
anisms of the furazan molecule following electronic excitation to
its lowest-lying electronically excited state;16 however, the time scale
for the ring opening mechanism was not computed earlier. Further-
more, the role of the dissociative (π,σ∗) state was not previously
explored.

B. Initial N–N bond dissociation of 2H-1,2,3-triazole
The recent literature unambiguously corroborates the fact that

the key role in the nonradiative decay of pyrrole (see Fig. 1 for

the chemical structure) is played by the excited singlet state of
(π,σ∗) character.10 Here, the (π,σ∗) excited state features elec-
tronic excitation to an antibonding σ∗ N–H orbital. 2H-triazole
(see Fig. 1 for chemical structure) is structurally very similar to

FIG. 4. (a) Plots of average population of the first excited state (S1, blue) and of the
ground state (S0, red) of furazan as a function of simulation time, as revealed by
the AIMS simulation using the SA-CASSCF(8,7)/6-31G(d) wave function. (b) Plots
of average N1–O2 bond distance (in Å) of furazan as a function of simulation time.
All plots represent an average of 17 independent AIMS simulations. The error bar
represents the standard deviation of the mean.
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pyrrole and has often been employed as an energetic functional
group which is introduced to candidate compounds to obtain better
energetic materials.9 Structural and eventual electronic similarity of
2H-triazole and pyrrole serve as motivation to explore the decom-
position mechanisms and dynamics of 2H-triazole from a (π,σ∗)
perspective.

The most stable geometries of 2H-triazole and pyrrole (referred
to as S0,tria and S0,pyr, respectively), optimized, respectively, at the
CASSCF(8,6)/6-31G(d,p) and CASSCF(8,6)/6-31+G(d,p) levels of
theory, are illustrated in Fig. 1. We have used a diffuse basis func-
tion to include the σ∗ orbital in the active space of pyrrole. Both
molecules exhibit planar structure. The (8,6) active space for both
molecules is depicted in Fig. 5. Note that the (8,6) active space
includes the NH antibonding σ∗ orbital for both molecules. The ver-
tical excitation energies and electronic excitation character of both
molecules are compared and contrasted in Fig. 6. Quite interestingly,
the (π,σ∗) state, which is characterized by electronic excitation to the
antibonding NH σ∗ state, stays lower in energy than the (n,π∗) and
(π,π∗) states in pyrrole. 2H-triazole, on the other hand, exhibits quite
the opposite trend in the relative alignment of the vertical excited
states. The (π,σ∗) state is the lowest-lying electronically excited
state of pyrrole, whereas the lowest-lying electronically excited state
of 2H-triazole has an (n,π∗) character. Therefore, based on the
vertical electronic excitation characteristics of the two molecules,
the excited state chemistry of these two molecules may differ
significantly.

Figure 7(a) shows that PE curves obtained from the cuts of
the multidimensional potential energy surfaces (PESs) of the gas
phase isolated pyrrole molecule plotted against the N1–H1 dis-
tance. The PE curves were obtained from the relaxed scan at the
CASSCF(8,6)/6-31+G(d,p) level of theory. It is quite evident that the
(π,π∗) state of pyrrole is not a dissociative state, whereas both lowest-
lying (π,σ∗) states are dissociative. The (π,σ∗) state of pyrrole stays
below the (π,π∗) state not only at the Franck-Condon (FC) point but
also for the entire N–H nuclear coordinate. Therefore, the electronic
excitation-induced chemistry of the S1 excited state of pyrrole should
be determined by the dynamics of the (π,σ∗) surface and its conical
intersection with the ground state. In fact, the conical intersection
between (π,σ∗) and the ground state is found to be responsible for
the ultrafast deactivation of pyrrole via an H-atom detachment path-
way.10 The same is also evident through the present AIMS simula-
tions, as shown in Figs. 7(b) and 7(c). Quenching of the S1 excited
state population to the ground electronic state for pyrrole occurs in
approximately 22 fs. Recently, the nonadiabatic dynamics of pyr-
role from the (π,σ∗) state have been studied using time-resolved
photoelectron spectroscopy (TRPES) and wavepacket propagations
using the multiconfigurational time-dependent Hartree (MCTDH)
method.17 The TRPES spectra suggest a decay time constant of
12 fs. This decay time constant is in very good agreement with the
AIMS-predicted lifetime of the (π,σ∗) state of pyrrole. Finally, AIMS
simulation results exhibit elongation of the average N–H bond as
a function of the simulation time [see Fig. 7(c)]. Involvement of

FIG. 5. Molecular orbitals, used in the (8,6) active space
of (a) 2H-triazole and (b) pyrrole, are shown. These
orbitals are obtained at the CASSCF(8,6)/6-31G(d,p) and
the CASSCF(8,6)/6-31+G(d,p) level of theory, respectively,
for 2H-triazole and pyrrole.
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FIG. 6. Electronic excitation characters
(determined from the configuration state
function with the highest weight) asso-
ciated with different excited state ener-
gies of (a) 2H-triazole and (b) pyrrole, as
obtained at the CASSCF(8,6)/6-31G(d,p)
and the CASSCF(8,6)/6-31+G(d,p) level
of theory, respectively.

an H-atom detachment mechanism [see Fig. 7(c)] is suggested with
the help of the AIMS simulations, in agreement with the previous
report.17

Figure 8(a) shows that the PE curves obtained from the cuts
of the multidimensional potential energy surfaces (PESs) of the gas
phase isolated 2H-triazole molecule plotted against the N–N dis-
tance (which opens the ring). Excitation characters at different posi-
tions of the N–N scan can be identified from Fig. 8(b). On the other
hand, Fig. 8(c) depicts the cuts of the multidimensional potential
energy surfaces (PESs) of the same molecule plotted against the N–H
inter-nuclear distance. Excitation characters at different positions of
the N–H scan are depicted in Fig. 8(d). All the scans were performed
at the CASSCF(8,6)/6-31G(d,p) level of theory.

It is clearly evident in Fig. 8 that the nature of the (π,σ∗) state
in Figs. 8(a) and 8(c) is different. The (π,σ∗) state shown in Fig. 8(a)

corresponds to the promotion of electron from the ring π orbital to
the N–N σ∗ orbital. On the other hand, the (π,σ∗) state shown in
Fig. 8(c) corresponds to the promotion of electron from the ring π
orbital to the N–H σ∗ orbital. Furthermore, with respect to the FC
point of the S1 excited sate [which exhibits an (n,π∗) character], N–N
bond dissociation is a barrierless pathway for 2H-triazole, whereas
the N–H bond dissociation pathway exhibits a barrier height of
1.36 eV [this barrier represents the energy difference between the
(n,π∗)–(π,σ∗) crossing point and the FC point of the S1(n,π∗) state].
We note that the energetic location of the crossing between the (π,
σNH

∗) state and the lowest-lying (n,π∗) state is significantly differ-
ent from that between the (π,σNN

∗) state and the lowest-lying (n,π∗)
state. With regard to the respective Franck-Condon points on the
S1 surface, a barrier is evident for the (n,π∗)–(π, σNH

∗) curve cross-
ing at an intermediate N–H bond distance, but almost no barrier
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FIG. 7. (a) The PE profiles for the ground
and the lowest-lying excited (π,σ∗) and
(π,π∗) states of pyrrole plotted against
the N–H stretch coordinate. These pro-
files are obtained at the CASSCF(8,6)/6-
31+G(d,p) level of theory. (b) Plots of
average population of the first excited
state (S1, blue) and of the ground state
(S0, red) of pyrrole as a function of
simulation time, revealed by the AIMS
simulation using the SA-CASSCF(8,6)/6-
31+G(d,p) wave function. (c) Plots of
average N1–H1 (left figure) and N1–C2

(right figure) bond distances (in Å) as a
function of simulation time. All plots in (b)
and (c) represent an average of 22 inde-
pendent AIMS simulations. The error bar
represents the standard deviation of the
mean. The N1–C2 bond length exhibits a
sense of oscillation; however, we believe
that more sampling should smear out this
apparent oscillation because the change
in bond length is found to be in the range
of 0.07–0.08 Å.

FIG. 8. (a) The PE profiles for the ground
and the lowest-lying excited (n,π∗),
(π,π∗) and (π,σ∗) states of 2H-triazole
plotted against the N–N stretch coordi-
nate. (b) Electronic excitation characters
associated with CSF’s percent contribu-
tions at different positions of the N–N
scan for 2H-triazole. (c) The PE pro-
files for the ground and the lowest-lying
excited (n,π∗), (π,π∗), and (π,σ∗) states
of 2H-triazole plotted against the N–H
stretch coordinate. (d) Electronic exci-
tation characters associated with CSF’s
percent contributions at different posi-
tions of the N–H scan for 2H-triazole.
All relaxed scans were performed at the
CASSCF(8,6)/6-31G(d,p) level of theory.

J. Chem. Phys. 150, 164304 (2019); doi: 10.1063/1.5088995 150, 164304-8

Published under license by AIP Publishing

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

FIG. 9. (a) Plots of average population of the first excited
state (S1, blue) and of the ground state (S0, red) of 2H-
triazole as a function of simulation time, as revealed by
the AIMS simulation using the SA-CASSCF(8,6)/6-31G(d)
wave function. (b) Plots of average N2–H1 (left figure) and
N2–N3 (right figure) bond distances (in Å) as a function of
simulation time. All plots represent an average of 30 inde-
pendent AIMS simulations. The error bar represents the
standard deviation of the mean. The N2–H1 bond length
exhibits a sense of oscillation; however, we believe that
more sampling should smear out this apparent oscillation
because the change in bond length is found to be in the
range of 0.07–0.08 Å.

is evident for the similar (n,π∗)–(π,σNN
∗) curve crossing at an

intermediate N–N bond distance. Therefore, chemical dynamics of
2H-triazole following electronic excitation to the S1(n,π∗) excited
state is expected to be controlled by the crossing between the
(π,σNN

∗) state and the ground state surface.
The above qualitative argument is evident from Fig. 9, which

depicts AIMS simulation results for 2H-triazole. Figure 9(a) depicts
the change in average population of the 2H-triazole molecule on the
respective S0 ground and the S1 excited states as a function of the
simulation time. We find that the quenching of the S1 excited state
population to the ground electronic state for this molecule occurs in
approximately 230 fs. Furthermore, Figs. 9(a) and 9(b) depict that
only the N–N bond dissociation channel is active in the deactivation
process of the 2H-triazole molecule. The H-atom detachment chan-
nel is inactive in the deactivation process for 2H-triazole. Therefore,
although 2H-triazole is structurally similar to pyrrole, their decom-
position mechanisms and dynamics from the lowest-lying electron-
ically excited state differ significantly due to a difference in relative
energy alignment of the (π,σ∗) state with respect to the (π,π∗) or the
(n,π∗) states.

IV. GENERAL DISCUSSION AND CONCLUSIONS
Our present work unambiguously suggests that predissocia-

tion plays a ubiquitous role in the initial step of energy release
processes for energetic molecules of the kind presented in this arti-
cle. Herzberg, through his seminal studies, classified predissociation
processes into types I and II: type-I refers to predissociation via
electronic coupling and type-II refers to predissociation via vibra-
tional coupling to the reaction coordinate.18 Molecules in the type-I
case jump over different electronic surfaces by electronic coupling,
whereas a single adiabatic potential energy surface is involved in
type-II predissociation. Vibrational coupling to the reaction coor-
dinate via intramolecular vibrational redistribution (IVR) is mainly

responsible for type-II predissociation. The nature of predissocia-
tion (explored here taking examples of furazan and triazole) which
ultimately predestines the fate of the energetic molecules follow-
ing electronic excitation is of the type-I kind. This is why chem-
ical dynamics of energetic molecules will ultimately be controlled
by the complexity of potential energy surfaces near surface-crossing
regions (conical intersections).16(b)

The present study emphasizes that the (π,σ∗) excited electronic
states play a pivotal role in the initial steps of decomposition of
energetic molecules of the kind studied here. The potential energy
surfaces of the (π,σ∗) states are dissociative along the respective
σ bond stretch coordinate. The repulsive character of the (π,σ∗)
states originates from the facts that it is primarily localized on a
single σ bond and that it is antibonding with regard to the respec-
tive σ bond. Surface crossing (conical intersection) of the disso-
ciative (π,σ∗) state with the lowest-lying bound (n,π∗) and (π,π∗)
states of energetic molecules predissociates these low-lying exited
states. Finally, the (π,σ∗) PE surfaces exhibit a conical intersection
with the electronic ground-state PE surface: this intersection pro-
vides the mechanism for ultrafast deactivation to the ground state
via decomposition. Thus, energetic molecules find an efficient way
to concentrate initiation energy (gained via electronic excitation) in
a particular σ bond through the (π,σ∗) state: this ultimately con-
trols the initial step of decomposition of energetic molecules. There-
fore, the conical intersection between the (π,σ∗) PE surface and the
ground state surface must play a ubiquitous role in the initial step of
decomposition of energetic molecules of the kind studied here. Fur-
ther study is necessary to generalize the conclusion for all energetic
molecules.

Due to the structural similarity of the triazole molecule with
the pyrrole molecule, a comparison of nonadiabatic dynamics of
these two molecules is explored in the present work. With respect to
the FC point of the S1(n,π∗) excited sate of the triazole and pyrrole
molecules, the N–N dissociation is found to be a barrierless pathway
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for the triazole molecule, whereas the N–H bond dissociation path-
way exhibits a barrierless pathway for the pyrrole molecule. These
two molecules not only exhibit different decomposition mechanisms
but also show different relative alignments of the (π,σ∗) state with
respect to the lowest-lying (n,π∗) state. The high-lying dissociative
(π,σ∗) state makes the lowest-lying (n,π∗) state predissociative in
the triazole molecule: this is a feature which is also observed for the
furazan molecule but is not observed for pyrrole.

Conical intersections play an essential role in many nonadia-
batic processes, including several basic biological processes, in par-
ticular, vision and photosynthesis. For the last several years, taking
several examples of energetic molecules, the important role of con-
ical intersections in the decomposition of energetic molecules has
been emphasized.5–7 Energetic molecules store a large amount of
chemical energy, and this chemical energy is released when they
decompose. From a fundamental point of view, one important ques-
tion remains open: how is the initiation energy concentrated in
the chemical bonds of an energetic molecule to result in decom-
position. Or, in other words, what does control the initial step of
the energy release process of energetic molecules? We argue that
via predissociation of the lowest-lying (π,π∗) and (n,π∗) states and
a conical intersection with the ground state, the (π,σ∗) state trig-
gers a dissociative ultrafast deactivation process, which might be
essential for the energy release behavior of energetic molecules. We
have tested this argument with the help of furazan and triazole
examples.
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