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Decomposition of energetic material 3,4-dinitropyrazole (DNP) and two model molecules
4-nitropyrazole and 1-nitropyrazole is investigated both theoretically and experimentally. The initial
decomposition mechanisms for these three nitropyrazoles are explored with complete active space
self-consistent field (CASSCF) level. The NO molecule is observed as an initial decomposition prod-
uct from all three materials subsequent to UV excitation. Observed NO products are rotationally cold
(<50 K) for all three systems. The vibrational temperature of the NO product from DNP is (3850
+ 50) K, 1350 K hotter than that of the two model species. Potential energy surface calculations
at the CASSCF(12,8)/6-31+G(d) level illustrate that conical intersections plays an essential role in
the decomposition mechanism. Electronically excited S, nitropyraozles can nonradiatively relax to
lower electronic states through (S,/S1)cr and (S1/So)cr conical intersection and undergo a nitro-nitrite
isomerization to generate NO product either in the S; state or Sy state. In model systems, NO is gener-
ated in the S, state, while in the energetic material DNP, NO is produced on the ground state surface,
as the S; decomposition pathway is energetically unavailable. The theoretically predicted mechanism
is consistent with the experimental results, as DNP decomposes in a lower electronic state than do
the model systems and thus the vibrational energy in the NO product from DNP should be hotter than
from the model systems. The observed rotational energy distributions for NO are consistent with the
final structures of the respective transition states for each molecule. © 2014 AIP Publishing LLC.
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. INTRODUCTION

Energetic materials are relatively sensitive to external
perturbations: sparks, shocks, heat, or arc scan cause them
to release a large amount of energy, enough to sustain det-
onation. An important goal of energetic material research is
to find new energetic molecules with both high energy stor-
age capacity and detonation performance, but with improved
thermal stability and impact/shock resistance in order to min-
imize the risk of accidental discharge. Environmental and
toxicity issues also play an essential role in the search for
new energetic molecules.'™ Recently, the energetic species
3,4-dinitropyrazole (DNP) has become a focus of interest for
its ability to be melt-cast: it can be a replacement for older
energetic materials, such as TNT.?

Azoles are N-heterocyclic aromatic molecules with a
five-member ring, containing only carbon and nitrogen
atoms'? (see Figure 1 for the ring numbering system). The
reactivity of DNP has been studied by quantum chemical
methods to determine the electrophilic and nucleophilic po-
sitions on the pyrazole ring.!! The explosive sensitivity upon
the formation of molecule-cation interactions between the ni-
tro groups of DNP and cations in the groups 1 and 2 of the
periodic table’ along with the aqueous solubility of DNP!?
have also been studied. Nonetheless, the mechanisms and
dynamics of DNP decomposition at the molecular level is
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still unclear: further research into these issues is required to
elucidate the energy storage properties of azoles in general
and pyrazoles in particular.

As a valuable intermediate and first step for under-
standing such behavior for energetic DNP, several research
groups have studied properties of pyrazoles with a single
nitro group.'®!*-!7 Based on calculations and spectroscopic
studies, the electrostatic potentials and frontier molecular
orbital energies of simple mono-nitropyrazoles have been
evaluated: the electron-withdrawing group NO; is found to
lower the HOMO/LUMO energy gap and increase the reac-
tivity of pyrazole compounds.'? Studies of protonation con-
stants for nitropyrazoles suggest that the effect of the ni-
tro group on azole chemistry depends on its position on the
ring: the effect is stronger if the nitro group is close to the N
atom of the pyrazole ring.'>!* Thermal decomposition studies
(25-250°C) of nitropyrazole compounds give their stabil-
ity in the order 3 — 4 — l-nitropyrazole >pyrazole."
Using time-resolved pulsed photoacoustic spectroscopy to
excite some of the resonant modes of compounds at differ-
ent temperatures, NO, is observed as a major ground elec-
tronic state product and the same stability orders are found.!®
The properties of pyrazoles substituted with NO, at different
pyrazole ring positions are quite useful for further studies of
DNP. The more NO, groups on the pyrazole ring the less sta-
ble the molecule becomes. Nonetheless, detailed comparisons
between energetic dinitro- and non-energetic (model) mono
nitro-pyrazole molecules with regard to their decomposition
reactions and mechanisms should prove very illuminating and

© 2014 AIP Publishing LLC
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FIG. 1. Chemical structures of 4-nitropyrazole, 1-nitropyrazole, and DNP.

insightful, as at present the mechanistic differences between
energetic and model system behavior is not understood for
these species.

Many energetic materials are organic molecules with
NO, groups bonded to a carbon, nitrogen, or oxygen atom.
From previous studies, the initial step in the decomposi-
tion process of these isolated molecules, following electronic
excitation, is X-NO, (X = C,N,O) to X-ONO isomeriza-
tion (a nitro-to-nitrite, unimolecular reaction): the isomer-
ized species then decomposes to form an NO product.® '
Electronic excitation of condensed phase energetic species
has been suggested and recognized as a major factor in the
release of stored energy from energetic molecules over the
past 50 years.!~%!8-23 In this instance, conical intersections
between different potential energy surfaces play a key role
in the ultrafast (~100 fs) decomposition mechanisms.>%2*
In nonadiabatic unimolecular chemistry, a conical intersec-
tion is the crossing (interaction) point between two elec-
tronic states or two potential energy surfaces: conical inter-
sections are widely employed to explain and understand the
excited state chemistry of organic and inorganic molecules.
In our previous study of energetic and model molecules, in-
cluding 1,3,5-trinitro-1,3,5-triazacclohexane (RDX), 1,3,5,7-
tetranitro-1,3,5,7-tetraazacyclooctane (HXM), Hexanitrohex-
aazaisowurtzitane (CL-20), s-tetrazine, 3-amino-6-chloro-
1,2,4,5-tetrazine-2,4-dioxide (ACTO), 3,6-diamino-1,2,4,5-
tetrazine-1,4-dioxide (DATO), diaminofurazan (DAF), fu-
razan, pentaerythritol tetranitrate (PETN), 2-nitroimidazole,
4-nitroimidazole, 1-methyl-5-nitroimidazole, and dimethyl-
nitramine (DMNA), the existence of conical intersections
in the X-ONO isomerization reaction coordinate provides
a direct, nonadiabatic, decomposition pathway in the ex-
cited state, which successfully explains the experimental
observations,25-27-29-32,34-38

In this work, we focus on understanding the first-step
in the unimolecular decomposition mechanisms for the en-
ergetic material 3,4-dinitropyrazole and two model, non-
energetic molecules 1-nitropyrazole and 4-nitropyrazole, fol-
lowing electronic excitation. Experimentally, energy resolved
spectroscopy is studied to define dynamics of the reaction
through elucidating the rotational and vibrational tempera-
tures of the initial decomposition product NO. Employing
quantum chemistry calculations (Gaussian 09, CASSCF), po-
tential energy surfaces for a number of excited states and the
ground electronic state are explored. The detailed decompo-
sition mechanisms for these three molecules are determined
and discussed. Through comparisons between energetic and
model molecules, a more complete comprehension of the
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energetic molecule properties obtains. Such insights can be
employed to develop new and better energy storage materials
for both general use and specific purposes.

Il. EXPERIMENTAL PROCEDURES

The experimental setup consists of a matrix-assisted laser
desorption (MALD) system, a supersonic jet expansion noz-
zle, and a time of flight mass spectrometer. Details of the in-
strumental design are described in our previous papers.?>2¢
The nozzle used for the molecular beam generation is con-
structed from a Jordan Co. pulsed valve and a laser abla-
tion attachment. The laser desorption head is attached to the
front of the pulsed valve with three significant parts: (1) a
2 x 60 mm channel for the expansion gas from the nozzle,
(2) a conical channel (3 mm at the outside and 1 mm at the in-
tersection with gas expansion channel) for the ablation laser
beam perpendicular to the expansion gas channel, and (3) a
40 mm diameter hole for the sample drum. The sample drum
fits into the 40 mm hole and is simultaneously rotated and
translated by a motor and gear system in the vacuum in order
to present a fresh sample region to the ablation laser for each
pulse. The nonvolatile samples are desorbed from the drum
by 532 nm ablation laser, entrained in the flow of He carried
gas under a pressure of 80 psi through the 2 x 60 mm chan-
nel in the laser desorption head and expanded into the vac-
uum chamber. With 80 psi He backing pressure for the closed
pulsed valve, the chamber pressure remains 2 x 1077 torr;
with the valve open at 10 Hz, the chamber pressure increases
to 4 x 1077 torr.

All sample drums for MALD are prepared by wrapping
a piece of porous filter paper around a clean Al drum. A so-
lution of 0.02 mol/l matrix (R6G) and 0.01 mol/l sample in
acetone is uniformly sprayed on the drum surface while it is
rotating under a halogen heat lamp in a fume hood to make
sure the sample coating is dry. An air atomizing spray nozzle
(Spraying System Co.) with siphon pressure of 10 psi is used
to deposit sample plus matrix on the filter paper surface. The
dried drum with well-distributed sample is then placed in the
laser ablation head assembly and put into the vacuum cham-
ber for decomposition reaction studies. The DNP is supplied
by Dr. Rao Surapaneni and Mr. Reddy Damavarapu (ARL,
Picatinny Arsenal, N.J.). I-nitropyraozle and 4-nitropyrazole
are bought from Sigma-aldrich Co. at 98% and 97% purity,
respectively.

In addition to ablation laser, one or two others laser are
required to photoexcite the sample in the beam and then de-
tect the photo dissociated fragments. For NO detection, a
single pump/probe laser is used at 226/236/248 nm to both
initiation of energetic sample and detection of the NO prod-
uct following a one color (14-1) resonance-enhanced two pho-
ton ionization (R2PI) scheme [A(V = 0) <« X(v/ = 0-2)
and I < A transitions] through TOFMS. The proper UV laser
wavelengths for this process are generated by a dye laser,
pumped by the second harmonic (532 nm) of a Nd: yttrium
aluminum garnet laser’s fundamental output (1.064 pm), in
conjunction with a wavelength extension system. The typical
pulse energy of the UV laser is 70-700 pJ/pulse, which gives
an intensity of ~2.0 x 10’-2.8 x 10® W/cm? for a 8 ns pulse
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duration. The spectra are not saturated and only single pho-
ton absorption occurs for the sample and the NO product at
~50 pl/pulse between 248 and 226 nm. The molecular beam
is perpendicularly crossed by the UV laser beam, which is fo-
cused to a spot size of about 0.2 mm diameter at the ionization
region of the TOFMS.

The timing sequence of pulsed nozzle, ablation laser,
and excitation/ionization laser are controlled by time delay
generators (SRS DG535). The experiment is run at a repeti-
tion rate of 10 Hz. Ion signals in the TOFMS are detected
by a microchannel plate (MCP) and signals are recorded
and processed on a personal computer (PC) using an ADC
card (Analog Devices RTI-800) and a boxcar averager (SRS
SR 250).

lll. COMPUTATIONAL METHODS

All calculations are executed at the CASSCF(12,8)/6-
31+G(d) level of theory with the Gaussian 09 program. No
symmetry restrictions are applied for the calculations. Equi-
librium geometry calculations are conducted taking the total
charge as neutral and the spin multiplicity as 1. To explore
the excited state potential energy surfaces, the active space
comprises 12 electrons distributed in 8 orbitals, denoted as
CASSCEF (12,8). Orbitals used for the 4-nitropyrazole active
space are two mw-bonding orbitals of the five-member ring
1 and 7y, two NO nonbonding orbital nono; and nonoz,
one m-nonbonding orbital nwp, one o nonbonding orbital
no g, one delocalized ONO m -antibonding orbital 7w gno*, and
one m-antibonding orbital of the five member ring 7* as
shown in Figure 2(a). Orbitals of 1-nitropyrazole are sim-
ilar. Orbitals used for the DNP active space are shown in
Figure 2(b); they include two m-nonbonding orbital 7 oNo-c4
and mono.c3, three o nonbonding orbital nono.c3),
N0 No-C3(2), and No'No-c4, one 7 -nonbonding orbital of the five-
member ring 7 NG, and two delocalized ONO r-antibonding
orbital 7*ono-ca and 7 *ono-c3. To avoid convergence failure
problems, a reduced (6,5) active space is also used initially for
the excited state calculations: the CASSCF(12,8) is applied
to get a more accurate energy values. At the larger CASSCF
level orbitals for NO, and the five-member ring in DNP/single
nitropyraozles are coupled and interact with each other. This
interaction under the larger CASSCEF is especially important
for representation of highly excited states. Excitation ener-
gies are calculated by state averaging over the ground and ex-
cited states with equal weights for each state. Larger basis sets
than 6-31(d) for these CASSCEF calculations do not substan-
tially improve the results and understanding of the reaction
mechanisms.?’

Critical points (minima and transition state structures) are
characterized by analytical frequency calculations, and min-
imum energy paths are calculated using an intrinsic reaction
coordinate (IRC) algorithm implemented in the Gaussian 09.
DNP contains two different NO, groups which are not sym-
metric and to calculate the different reaction paths and crit-
ical points (conical intersections and transition states) with
certain C-NO, bond breaking, CASSCF(6,5) is employed in
the beginning with chosen NO, orbitals located only on one
NO, group. Following this, the (12,8) active space is applied
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FIG. 2. (a) Orbitals used in the active space for CASSCEF calculations for 4-
nitropyrazole. The (12,8) active space comprises nonbonding orbitals, bond-
ing, and antibonding 7 orbitals. Similar orbitals are employed to describe the
states of 1-nitropyrazole. (b) Orbitals used in the active space for CASSCF
calculations for 3,4-dinitropyrazole (DNP).

to get a better potential energy surface. To find the transi-
tion states and intermediate states along the reaction path-
ways, a relaxed scan optimization algorithm as implemented
is employed in which all geometrical parameters except for
the specified bond distance are optimized and electronic en-
ergies are monitored as the specified bond is elongated. In the
scan, the structure with peak potential energy is most likely
a transition state, and the structure with potential energy in a
valley is most likely an intermediate state. To verify this con-
clusion and obtain a more accurate potential energy surface
for the transition/intermediate states, the molecular structure
provided in the scan is used as the initial structure in the fol-
lowing optimization calculation with CASSCF(12,8) as the
active space. The accuracies of the calculations along the re-
action pathway are difficult to estimate since experimental in-
formation about the conical intersections and the transition
states is not available. Calculations presented in this paper,
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however, are based on the experimental observations includ-
ing decomposition products and the internal energy distribu-
tions within these products. Therefore, the proposed reaction
pathways based on the computational results provide a rea-
sonable and, at minimum qualitative, interpretation for the
experimental observations.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

NO product is observed as a major decomposition
product from electronically excited DNP at 226/236/248 nm
by TOFMS. The 226/236/248 nm excitation wavelength also
corresponds to the resonance (0-0)/(0-1)/(0-2) vibronic bands
of the A2X+ <« XTI electronic transition of the NO product.
Therefore, by scanning these laser excitation wavelengths, a
(141) R2PI rotationally resolved spectrum of the NO prod-
uct from DNP obtains. The line width of the NO mass peak is
10 ns (the laser pulse width), consistent with that expected
for decomposition from the lowest few excited states. If DNP
were to absorb two or more photons sequentially, the NO
mass signal would broaden as we have reported earlier.”’
Thus, the NO product is associated with single photon absorp-
tion for these three samples. In this experiment, laser beam in-
tensity is varied without change in the NO TOFMS line width,
so that multiphoton dissociation of DNP is unlikely. Excited
electronic states of DNP, which might be generated in the ab-
lation process, are effectively relaxed and cooled in the highly
collisional expansion process, through the supersonic nozzle.

Figure 3 shows the spectra of three different A
(v = 0) « X (v’ = 0,1,2) rovibronic transitions of the NO
molecule generated from DNP excited to its first excited
electronic state. All spectra have similar rotational patterns
but a varying vibrational intensity for each vibronic band.
The most intense figure in each spectrum of NO corresponds
to the (Qq;+Pj2) band and the lower intensity features

4-nitropyrazole

T, =50K (0-2)

. B e A I s A |
40400 40450 40550
T, =30K (0-1)
i A I
42300 42350 42400
T.=25K (0-0)
44150 44200 44250 44300

FIG. 3. One color (14+1) R2PI spectra of the vibronic transitions AZS T
=0) < X2TI(v"" = 0,1,2) of the NO product from the excited electronic state
decomposition of DNP. Rotational simulations with a Boltzmann population
distribution show that the three observed vibrational levels of the ground elec-
tronic state have a similar rotational temperature of ~25 K with £10 K uncer-
tainty. The black line is the experimental data and the red one is the theoretical
simulation for NO (A-X) transition at rotational temperature 25 K.
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for each vibronic transition correspond to other rotational
transitions.”® Spectral simulations based on Boltzmann
population distributions for the three vibronic transitions
of the NO product from DNP produce similar rotational
temperatures (25 £+ 10 K) for the three vibrational levels
(v = 0,1,2) in the ground electronic state of NO. The
vibrational temperature of the NO product can be obtained
by simulating the relative intensities among the observed
vibronic bonds, using a Boltzmann population distribution
analysis and the Frank-Condon factors. The vibrational tem-
perature of NO product from DNP is calculated to be (3850
4 50) K and details of the vibrational temperature calculation
will be described below. In summary, the NO product from
electronically excited DNP has a low rotational temperature
and a hot vibrational temperature, which is similar to our
previous results for all NO, containing energetic molecules.

Even though the MALD technique is known to desorb
easily fragile molecules in the gas phase without fragmen-
tation, NO product is proven to be created in the excitation
region in our previous study in three ways: comparison of NO
velocity distributions from the nozzle, determination of arrival
time for the NO signal intensity as a function of nozzle/pump
laser timing, and NO rotational and vibrational temperature
determination as a function of source of NO.>

NO product can be produced from several possible ways,
including N-O bond breaking after nitro-nitrite isomeriza-
tion, NO, photolysis, and HONO elimination. In our previ-
ous study of NO, photolysis, the rotational temperature of
NO product from the expansion cooled NO, gas is about
130 K for the A(v' = 0) < X(v'/ = 0) vibronic transition
and the temperature goes up to 400 K for vibronic transi-
tion A(v' = 0) < X(v"" = 1). As the rotational temperature
of the NO product from DNP is much lower than that for
NO; photolysis, NO, is not the precursor for NO product, and
NO; loss is not the major reaction channel for the decompo-
sition of electronically excited DNP. The observed rotational
and vibrational temperatures assigned for NO in these exper-
iments show clearly that the NO must come from decompo-
sition of nitropyrazoles and not NO,.2>2*=*! HONO is also
one of the possible intermediates in the formation of NO from
DNP or single nitro-pyrazoles. HONO elimination for previ-
ously studied X-NO, system is less than 5% of the total NO
elimination following the nitro-nitrite isomerization; more-
over, the rotational temperature of NO product from HONO
photolysis is extremely high.>>?° Based on calculations for 4-
nitropyrazole, the energy required for HONO elimination on
the ground state surface is 107 kcal/mol, 21 kcal/mol higher
than for the formation of NO through the nitro-nitrite isomer-
ization, which makes HONO elimination less likely in nitro-
pyrazoles: this result is similar to those for the nitro-imidazole
sysems.32 Thus, neither the NO, loss channel nor the
HONO channel is present as a competitor to the nitro-nitrite
isomerization/NO elimination channel.

In efforts to improve our understanding of the ex-
cited state decomposition mechanisms of DNP, two model
molecules 1-nitropyrazole and 4-nitropyrazole are explored.
Figure 4 and Figure 1S in the supplementary material® il-
lustrate the A < X (0-0,1,2) transition spectra with rotational
spectra simulations for the initial decomposition product NO
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FIG. 4. One color (1 + 1) R2PI spectra of the vibronic transitions AZS T
=0) <« X2V’ = 0,1,2) of the NO product from the excited electronic state
decomposition of 4-nitropyrazole. Rotational simulations with a Boltzmann
population distribution show that the rotation temperatures of the three ob-
served vibrational levels on the ground electronic state (0-0), (0-1), and (0-2)
are 25 K, 30 K, and 50 K, respectively, with =10 K uncertainty. The black
line is the experimental data and the red one is theoretical simulation for NO
(A-X) transition at rotational temperature 25 K, 30 K, and 50 K from (0-0) to
(0-2).

for the two model molecules. The simulated rotational tem-
peratures for these two model molecules are similar and both
increase from (25 + 10) K to (50 &+ 10) K as the vibronic
bands change from the (0-0) to (0-2) transition. The vibra-
tional temperatures of NO from the two model materials
are both calculated to be (2300 £ 300) K, 1350 K lower
than NO from the energetic molecule DNP. The two mono
nitro-pyrazoles may follow similar decomposition routes, but
they should be different from that followed by the energetic
material DNP.

The rotational and vibrational temperatures for the NO
product from the three materials in the experiment are sum-
marized in Table I. The signal intensities for the NO prod-
uct of 4-nitropyrazole, 1-nitropyrazole, and DNP at different
vibrational transitions A(v' = 0) < X (v = 0,1,2) and tran-
sition ratios 1(0-2)/(0-0) and I(0-1)/(0-0) are summarized in
Table II and the Franck-Condon factors for the NO (A-X)
transition in the temperature range from 1900 K to 4000 K
are listed in Table III. The Franck-Condon factors are cal-
culated using the program, Lifbase: Data Base and Spec-
tra Simulation (version 2.1.1). For the rotational temperature
range 25-50 K, these simulated Franck-Condon factors are

J. Chem. Phys. 140, 034320 (2014)

TABLE 1. Rotational and vibrational temperatures for NO product from
DNP, I-nitropyrazole, and 4-nitropyrazole. The uncertainty of experimental
rotational temperature is £10 K.

NO rotational temperature (K) Vibrational

0-0 0-1 0-2 temperature (K)
3,4-dinitropyrazole 25 25 25 3850 £ 50
(DNP, energetic)
4-nitropyrazole 25 30 50 2300 £ 300
1-nitropyrazole 25 35 50 2300 =+ 300

unchanged. For NO from 4-nitropyrazole, the experimental
1(0-1)/(0-0) ratio equals 0.36, yielding a vibrational temper-
ature of about 2600 K from Table III. The 1(0-2)/(0-0) ratio
for NO from 4-nitropyrazole is 0.068 which gives a ~2000 K
vibrational temperature in Table III. The two values are dif-
ferent due to experimental uncertainties; for example, laser
intensity is not stable, sample spaying is not exactly uniform,
etc. The vibrational temperature of 4-nitropyrazole is deter-
mined to be (2300 £ 300) K. Similarly, the vibrational tem-
perature of NO from 1-nitropyraozle and 3,4-dinitropyraozle
are (2300 £ 300) K and (3850 =+ 50) K, respectively.

The experimental results prove that NO is a primary de-
composition product of DNP and the NO product from DNP
has a low rotational temperature and a high vibrational tem-
perature. The reaction decomposition mechanisms of ener-
getic material DNP and model molecules should be different
as the vibrational temperature of the NO product from DNP
is 1350 K higher than that of NO from the model molecules.
The NO product from DNP is most likely formed in a lower
electronic state than that of the model molecules: the details
of the reaction mechanism and reaction potential energy sur-
faces will be discussed based on the theoretical calculations
presented in Sec. V.

V. THEORETICAL RESULTS AND DISCUSSION

The experimental results yield that the NO molecule is
an initial nanosecond UV decomposition product for both
electronically excited energetic and model systems. In order
to understand the experimental data more completely, the-
oretical calculations of molecular geometries and energies
for the Franck Condon structure, conical intersections, tran-
sition states, intermediate states, and nitro-nitrite isomeriza-
tions along the ground and excited state potential energy sur-
faces, are performed for the energetic system DNP and model

TABLE I1. Experimental maximum signal intensities of the vibrational transitions A(v' = 0) < X(v" = 0,1,2)
of NO product for materials 4-nitropyrazole, 1-nitropyrazole, and DNP when the laser intensity is 0.65 mJ.

Signal intensity/V (laser intensity 0.65 mJ) Ratios
Materials v = (0-0) v=(0-1) v=(0-2) (0-1)/(0-0) (0-2)/(0-0)
4-nitropyrazole 2.5 0.8 0.17 0.35 0.068
1-nitropyrazole 1.1 0.39 0.08 0.35 0.073
3,4-dinitropyrazole 4.0 1.97 1.0 0.49 0.25
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TABLE III. The Frank-Condon factors for transitions (0-2)/(0-0) and (0-
1)/(0-0) calculated using Lifbase: Data base and spectra simulation (version
2.1.1). I(...) is intensity for the transition ratio indicated.

Vibrational

temperature/1000K 1.9 2.0 21 25 26 27 38 39 40

1(0-1)/(0-0)
1(0-2)/(0-0)

0.24 0.26 0.28 0.34 0.35 0.37 049 0.50 0.51
0.06 0.07 0.08 0.12 0.13 0.14 0.24 0.25 0.26

systems 4-nitropyrazole and 1-nitropyrazole. The theoretical
reaction paths with potential energies and molecular geome-
tries are shown in Figures 5-8 and 2S-5S (supplementary
material).>

Two possible decomposition mechanisms are explored in
the theoretical study. The first mechanism includes an excited
state decomposition through transition states and nitro-nitrite
isomerization on the first excited electronic state S; poten-
tial energy surface. The second mechanism is a ground state
decomposition process which goes through a conical intersec-
tion (S1/So)cr between the S and S states followed by an Sy
nitro-nitrite isomerization. These two channels are chosen for
comparison because the decomposition of energetic material
DNP generates NO product with higher vibrational temper-
ature than the model systems. The actual reaction pathway
will depend on different factors, for example, the rate of in-
ternal vibrational energy redistribution, the heights of reac-
tion barriers, and the rate of nonadiabatic transition through
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FIG. 5. A schematic one-dimensional projection of the multi-dimensional
energy surfaces for 4-nitropyrazole dissociation computed at the
CASSCF(12,8)/6-31+G(d) level of theory. The red arrows represent
the more favorable reaction path for NO dissociation, which occurs on
the excited electronic state S;. The black arrows represent the other, less
favorable, reaction path, along which NO is formed on the ground electronic
state Sg. FC geometry Sorc is the optimized minimum energy structure of
4-nitropyrazole on Sg. S{min and Sy min are the structure on the first and
second excited electronic states with minimum potential energy, respectively.
(S1/Sp)cr is the conical intersection between Sy and S; states, and (S2/S1)cr
is the conical intersection between S, and S; states. Sy Ts; to Sy 1ss4 are the
excited transition states on the S; surface, So 1s is transition state on the S
surface, and Sj v is the intermediate state on S; state. So nitrite and St pitrite
are the nitro-nitrite isomerization intermediates on the Sy and S; states,
respectively, and SoNo and S no are NO dissociated products on these two
states.
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FIG. 6. The structures of all the critical points and conical intersections men-
tioned in Figure 5 along the 4-nitropyrazole dissociation reaction path. Ar-
rows in the structures of the transition states show the reaction coordinate
associated with the imaginary frequency (L.F.).

the different conical intersections which can only be assessed
by dynamical calculations.

Calculations at the CASSCF(12,8)/6-314+G(d) theoreti-
cal level are employed to determine the vertical excitation en-
ergies for 4-nitropyrazole, 1-nitropyrazole, and DNP from the
ground electronic state Sy to the first excited state S| and the
second excited state S,. The vertical excitation energies of the
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FIG. 7. A schematic one-dimensional projection of the multi-dimensional
energy surfaces for 3,4-dinitropyrazole with the NO, bonded to C4 on the
pyrazole ring dissociated as the first step computed at the CASSCF(12,8)/6-
31+G(d) level of theory. The dashed arrows represent the reaction path of
NO dissociation occurring on the excited electronic state S;: this pathway is
not available based on energy considerations. The red arrows represent the
reaction path on which NO is formed on the ground electronic state Sp: this
pathway is energetically allowed. FC geometry Sorc is the optimized min-
imum energy structure of 3,4-dinitropyrazole on the ground electronic state
S0. S1,min and Sy min are the structure on the first and second excited electronic
states with minimum potential energy, respectively. (S1/So)cr is the conical
intersection between S and S states and (S2/Sy)cy is the conical intersection
between Sy and S states. Sy s and Sy rs2 are the excited transition states
on the Sy surface and So s is transition state on the S surface. So pitriee and
Sinitite are the nitro-nitrite isomerization in So and S; states, respectively,
while Spno NO dissociated products in ground electronic state.



034320-7 Yuan, Yu, and Bernstein

Structures of 3,4-dinitropyrazole (C4) reactions
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FIG. 8. The structures of all critical points and conical intersections men-
tioned in Figure 7 in which 3,4-dinitropyrazole with one NO, connected to
C4 on the pyrazole ring dissociates as the first step. Arrows on the struc-
tures of the transition states show the reaction coordinates of the imaginary
frequency (L.F.).

three materials are very close to the energy of single photon
excitations in the range from 226 nm to 248 nm (5.0 eV to
5.5 eV) which have been used to excite these molecules. Since
there is no experimental data for vertical excitation energies
of nitropyrazole molecules published so far, the experimen-
tal UV-Vis absorption spectra of nitropyrazoles are taken to
determine the accuracy of the CASSCF calculations. Verti-
cal energies for the three materials and the related UV-Vis
maximum absorption wavelength!*33:3% are summarized in
Table IV. As shown in Table IV, the vertical excitations calcu-
lated through CASSCF(12,8)/6-314+G(d) for the two lowest
lying excited electronic states (S; and S;) of 4-nitropyrazole
are 4.16 eV and 4.78 eV, respectively. The UV-VIS absorp-
tion of 4-nitropyrazole has two maximum at 3.91 + 0.67 eV
and 4.62 + 0.62 eV. This comparison reveals that the
CASSCF(12,8) method gives a reasonable treatment of the
relevant excited states as it falls into the commonly accept-
able uncertainty range of 0.5 eV. Similarly, CASSCF(12,8)
calculation for 1-nitropyrazole and DNP are also reasonable
as the theoretical value is close to the experimental data. The
CASSCEF calculations show that the two lowest-lying excited
states (S; and S,) for two model materials are (n,77*) transi-
tions from the o nonbonding orbital noo(S;) or nono (S2)
of NO; to delocalized ONO r-antibonding orbital 7 *ono. In
the third electronic state Sz, the transition becomes (7,7*)
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from 7 -bonding orbitals of the five-member ring 71 or 7, to
7 *ono (orbitals shown in Figure 2(a)). The three lowest-lying
excited states (S; to S3) for DNP are (n,7*) transitions from
the o nonbonding orbital nono of NO; to delocalized ONO
m-antibonding orbital 7 *gno of NO,. The transition to the S,
state is from NO NO-C3(1) of NO; on C3 to m*non-c3 of NO,
on C3, to the S, state is from nono.c4 on C4 to w*NoN-cs ON
C4, and to the Ssstate is from the other o nonbonding orbital
noNo-c32) on C3 to w*Non.c3 on C3 (orbitals shown in Fig-
ure 2(b)). From CIS calculations, the four lowest transition of
DNP are all (n,7*) and the fifth one becomes (77,7 *) as DNP
contains one more NO, group than model systems. These
transitions are similar to those found for the nitro-imidazole
systems in previous study.’'-3?> The potential energy surfaces
for the Sj state of these three molecules are above the laser
excitation maximum. Thus, the S5 state is not considered in
the potential energy surface calculations. From our previous
studies, enlarging the basis set does not significantly improve
the relative excitation energies of critical points, and there-
fore, a 6-31+G(d) basis set is used for all calculations to
maintain optimum conditions for computational cost, accu-
racy, and comparisons.

A. Calculations for 4-nitropyrazole

A schematic one-dimensional projection of the multidi-
mensional singlet potential energy surfaces (Sp, S; and S;)
of 4-nitropyrazole with locations and potential energies (the
presented energies are not corrected for zero point energy)
for different critical points and conical intersections along the
minimum energy reaction path is plotted in Figure 5. The
reaction coordinates depicted in Figure 5 include C-N bond
lengths, ONC bond angles, and ONCC dihedral angles of the
active site of 4-nitropyrazole. Arrows in Figure 5 indicate dif-
ferent possible channels for 4-nitropyrazole decomposition.
The structures of each critical point and conical intersection
are summarized in Figure 6 and arrows near the transition
states and conical intersections show the imaginary frequen-
cies (I.F.). In Figures 5 and 6, FC geometry Sorc is the op-
timized minimum energy, planar structure of 4-nitropyrazole
on the Sy state. (S1/So)cr is the conical intersection between
the Sy and S; states and (S,/S;)cy is the conical intersection
between the S, and S; states. S;rs; to Sy 1s4 are the excited
transition states on the S; surface and S; v is the intermedi-
ate state. So pitrite and Sy nirite are the nitro-nitrite isomerization
states on the Sy and S; states, respectively, while Sono and

TABLE IV. Comparison of previous experimental data and present CASSCF calculations of vertical excitation
energy S; and S, for 4-nitropyrazole, 1-nitropyrazole, and 3,4-dinitropyraozle (DNP).

CASSCEF calculation (eV)

UV-vis absorption in experiment (eV)

S1 )tmi\x,l )\max,2
3,4-dinitropyrazole 4.20 3.97% ..
4-nitropyrazole 4.16 3.91 £0.67° 4.61 & 0.62°
1-nitropyrazole 4.17 4.64¢

aUV-vis absorption in 0.05 N NaOH.>*
YUV-vis absorption in EtOH.??
€UV-vis absorption in 1M H,SOy, 14



034320-8 Yuan, Yu, and Bernstein

Sino are NO dissociated products in these two states. The
optimized X, y, z coordinates in angstroms of all the station-
ary points for the 4-nitrpyrazole reaction are shown in Table
IS(a) in the supplementary material.*® Figure 5 shows that fol-
lowing excitation to the second excited electronic state S, 4-
nitropyrazole undergoes a rapid internal conversion from the
S, state to the S; state through the (S,/S;)cy conical inter-
section: molecules undergoing this process would store suffi-
cient vibrational energy in the S; state, transferred from the
S, electronic energy, to dissociate. In this nonadiabatic radi-
ationless internal conversion, no significant change occurs in
the nuclear configuration of 4-nitropyrazole (only some rota-
tion of the NO, group) and no barrier exists. The adiabatic
energy gap between the S; and S, surfaces near (S{/Sy)cr is
computed to be 88 cm~! which means the S; and S, sur-
faces are strongly nonadiabatically coupled with one another
and the small energy gap increases the probability of nona-
diabatic transition from upper to lower electronic states. As
molecules move from S, to S; through (S,/S;)c1, the most
favorable path for 4-nitropyrazole decomposition shown in
Figure 5 is the one colored in red. Along this nitro-nitrite
isomerization path, molecules surmount the energy barriers
for two concerted transition states S; sy and S Ts3 at ener-
gies 5.00 eV and 4.94 eV. Then, 4-nitropyrazole undergoes
a nitro-nitrite isomerization in the S; state (Sj piuiee) and fi-
nally NO departs the pyrazole ring moiety after passing over
a small barrier of 0.26 eV with respect to Sy pigite- S1.1s2 and
Si.1s3 are tight transition states, the negative frequency or un-
stable normal mode of which is characterized by out of plane
bending of the ONCC moiety (a nitro-nitrite isomerization).
The IRC algorithm is associated with the bending mode of
the C-NO, moiety, which ensures that these two transition
states lead to the nitro-nitrite isomerization. As NO moves
away from the pyrazole ring, no obvious torque is generated
on the NO product. Therefore, the NO product should have a
cold rotational temperature, as is consistent with the experi-
mental results. The other possible conversion path shown in
Figure 5 is that instead of decomposing on the S; state, 4-
nitropyrazole surmounts the energy barrier of S; 151(5.21 V),
undergoes another nonadiabatic internal conversion to the Sy
state through (S,/Sg)cr (the energy difference between S; and
Sp state is 7 cm™!) and decomposes on the Sy state via Sg pitrite
isomerization. This pathway is energy acceptable under
226 nm and 236 nm excitation, as the highest potential energy
peak S;ts; has lower energy than the laser source; nonethe-
less, this potential peak is 0.21 eV higher than the one (S; 1s2)
on the S; decomposition path, making the Sy decomposition
pathway less favorable. Under 248 nm excitation, the Sy de-
composition pathway for 4-nitropyrazole becomes forbidden
due to energy constraints for the S; g barrier. In sum, un-
der 226 nm and 236 nm excitation, the decomposition of
4-nitropyrazole can occur either on the S; or Sy state sur-
faces: the S; state decomposition is more favorable, how-
ever, due to a lower energy barrier. At 248 nm excitation, the
decomposition can only take place on the S; state surface.
From the experimental results, NO product from 4-
nitropyrazole has a cold rotational temperature (<50 K),
which increases from (25 4+ 10) K to (50 4+ 10) K as the
excitation energy decreases from 5.5 to 5.0 eV (226 to
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248 nm). Based on the theoretical calculations, whether the
molecule dissociates in the Sy or S; state potential energy
surfaces, no torque on the NO product is apparent, and there-
fore the rotational temperature of NO is low. Changing the
excitation energy from 5.5 to 5.0 eV, the probability that 4-
nitropyrazole decomposes on the Sy state becomes smaller
and smaller: this may explain why the experimental rota-
tional temperature increases 25 K. Though most of the 4-
nitropyrazole molecules decompose in the S; state, the vi-
brational temperature of NO product is hot (2300 £ 300 K).
In the NO dissociation calculation, the molecular energy de-
creases quickly from S ts4 (Figure 6) until the NO group is
3.5 A away from the pyrazole ring and then the energy drops
2.61 eV in this process. Following NO group dissociation,
calculations for the pyrazole ring with a single oxygen at-
tached to C4, the energy difference between S; and Sy is only
0.75 eV, much smaller than the energy difference between
S1 nitrite @nd Sg piite Which is 3.16 eV. Thus one can concluded
that during the molecular dissociation process in the S; state,
most of the energy stored in the molecule is transferred (along
the reaction coordinate) to the vibrational and translational
energy of the NO product, consistent with the NO product
having a relatively high vibrational temperature. Compared
to the bond length 1.32 A of the NO at the nitro-nitrite iso-
merization, the equilibrium bond length of the NO product is
1.15 A, so that excitation of the NO vibration is reasonable.

The 4-nitropyrazole theoretical results also support that
the decomposition dynamics are purely nonadiabatic in na-
ture and that conical intersections can lead rapidly and effi-
ciently to internal conversion from upper to lower electronic
state through radiationless transition. During the internal con-
version, electronic energy in the upper state is converted to vi-
brational energy in the lower state with a potential time scale
of a few tens femtoseconds. The calculations also implicitly
support the notion that though conical intersections between
higher and lower energy electronic states, different parts of
the lower potential energy surfaces are explored, away from
the Franck-Condon equilibrium position, such that different
and often unexpected chemistry can readily occur. Conical
intersections are now firmly established to be the key fea-
tures in the excited electronic state chemistry of polyatomic
molecules.

B. Theoretical calculations for 1-nitropyrazole

A schematic one-dimensional projection of the multidi-
mensional singlet potential energy surfaces (So, S;, and S,)
of 1-nitropyrazole with locations and potential energies (the
presented energies are not corrected for zero point energy)
for different critical points and conical intersections along the
minimum energy reaction path is plotted in Figure 2S in the
supplementary material.** Arrows in Figure 2S indicate dif-
ferent possible decomposition channels for 1-nitropyrazole.
Structures for each critical point and conical intersection are
summarized in Figure 3S: arrows near the transition states
and conical intersections show the imaginary frequencies. The
optimized X, y, z coordinates in angstroms of all the sta-
tionary points for the 1-nitrpyrazole reaction are shown in
Table IS(b) in the supplementary material.*® As depicted in
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Figure 2S, 1-nitropyrazole is excited to its second excited
electronic state S, (226-248 nm) and then undergoes a rapid
internal conversion from S, to S; through the (S,/S;)cr con-
ical intersection. In this nonadiabatic, radiationless internal
conversion, no significant change occurs in the nuclear con-
figuration and no barrier exists. The adiabatic energy gap be-
tween the S; and S, surfaces near (S1/S;)cy is computed to
be 153 cm~'. After molecules transition from the S, to the
S; state through (S,/Si)cr, two decomposition pathways are
possible, as shown in Figure 2S. On one path, molecules sur-
mount the energy barriers for two concerted nitro-nitrite iso-
merization transition states S s> and S ts3 with 3.93 eV and
3.78 eV energy on the S; state surface, respectively. Then
the 1-nitropyrazole molecule undergoes a nitro-nitrite isomer-
ization (S piwite), and finally NO leaves after passing a small
barrier of 0.30 eV with respect to S yinite On the S; state po-
tential energy surface. Sy sz and S ts3 are loose transition
states, the imaginary frequency is characterized by the out of
plane bending of the ONCC moiety, which corresponds to
a true nitro-nitrite isomerization. As NO moves away from
the pyrazole ring, no obvious torque is found in the calcu-
lation acting on the NO product: the NO product should,
thereby, have a cold rotational temperature. The other pos-
sible reaction path involves as follows: 1-nitropyrazole sur-
mounts the energy barrier S; 1s; (3.93 eV), undergoes another
nonadiabatic internal conversion through (S,/Sg)c; conical in-
tersection (the energy difference between S; and Sy state is
35 cm™!), and decomposition the Sy state via the So.nitrite 1S0-
merization with a small barrier of 0.42 eV. Both pathways
are roughly equally probable, based on their energy values
and conical intersection adiabatic separations. If the molecule
goes through (S;/Sg)cr, it has another two possibilities on the
So surface: it can return to Sg e (no reaction) or move to the
nitro-nitrite isomerization Sq iuite, and finally form the NO
product. Both of these two pathways are energetically ac-
ceptable and the potential energy of the molecule changes
smoothly along the Sy potential surface without any barriers.
In a simple (—AE/Ar) reaction force calculation, in which E
is the potential energy and r is the distance along the reaction
coordinate the absolute force for the S nivite T€action coordi-
nate is higher by a factor of three for nitro-nitrite isomeriza-
tion reaction coordinate. This force difference suggests that
the So nirite pathway is more favorable as it presents a steeper
descent potential energy surface. In this case, the probability
of an NO product forming on the Sy state is much greater than
an NO; product. Thus 1-nitropyrazole is expected, based on
these calculations, to generate NO as an initial decomposition
product. In sum, under all three excitation conditions, the de-
composition of 1-nitropyrazole can occur either on the S; or
So state potential energy surface (or perhaps both), as both
reaction paths are energetically accessible and most probable
for NO generation.

In the NO dissociation process, the molecular energy
decreases quickly from S ts4 in Figure 2S until the NO group
is 3.5 A away from the pyrazole ring at which point the en-
ergy reaches a minimum: the total electronic energy decrease
in this process is 2.11 eV. During the molecular decomposi-
tion on the S; state, most of the energy stored in the molecule
is transferred to the vibrational and translational energy of the
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NO product. This energy transfer to the nuclear coordinates
enables the NO product to have a relatively high vibrational
temperature. The NO bond length at the nitro-nitrite isomer-
ization (1.31 A), compared to the equilibrium bond length of
the NO product (1.14 A), ensures significant excitation of the
vibration of NO as the final O-N bond breaks.

I-nitropyrazole and 4-nitropyrazole have different NO,
group positions on the pyrazole ring. Though the reaction
mechanism is slightly different, both of them can decompose
either on the S electronic state or Sy electronic state produc-
ing NO with similar cold rotational temperature and warm vi-
brational temperature. Compared to other model molecules,
the behavior of nitropyrazole model materials is closer to
the behavior of nitroimidazole based materials: unlike other
model systems with hot rotational temperature for NO prod-
uct, both species have relatively cold rotational temperatures
(<60 K) under the same excitation conditions.?'*3? This might
arise as both nitropyraozle and nitroimidazole molecules
have low lying excited states (n — 7*, S,) transitions of the
aromatic rings.

C. Theoretical calculations for 3,4-dinitropyrazole

DNP has two NO, groups bonded to C3 and C4 on
the pyrazole ring and the decomposition of these two NO;
group are calculated separately as the geometry of DNP is
not symmetric. Conical intersections and critical points in
DNP decomposition pathways are explored by considering
only one NO, group as the active site located at a particular C
atom on the pyrazole ring. Two schematic, one-dimensional
projections of the multidimensional singlet potential energy
surfaces (Sp, Si, and S;) of DNP for each NO, group as
a separate active site: locations and potential energies for
different critical points and conical intersections are shown in
Figures 7 and 4S.% Arrows in Figures 7 and 4S indicate dif-
ferent possible decomposition channels for DNP. Structures
of each critical points and conical intersections, for each
NO, group as different reaction sites, are summarized in
Figures 8 and 5S:* arrows near the transition states and
conical intersections show the imaginary frequencies. The
optimized X, y, z coordinates in angstroms of all the stationary
points for the 3,4-dinitrpyrazole reaction are shown in Tables
IS(c) and IS(d) in the supplementary material.*®> As shown
in Figures 7 and 4S5, the behavior of DNP is similar to the
nitropyrazole model systems at the beginning of the reaction
pathway. DNP undergoes a rapid internal conversion from
S, to S| through the (S,/S;)cy conical intersection following
excitation without an energy barrier. Because no significant
change occurs in the nuclear configuration of DNP (only a
small rotation of the two NO, groups), the two NO, groups
in Figures 8 and 5S have similar (S,/S;)cy structures. The
adiabatic energy gap between the S; and S, surfaces near
(S1/S2)cy is computed to be 13 cm™!, suggesting that the
S; and S, surfaces are strongly nonadiabatically coupled at
this point. On the S; state surface, different from the model
systems, the transition state energies in Figures 7 and 4S
for DNP S, state decomposition are 6.95 eV and 6.01 eV,
respectively, and both of them are higher than the excitation
energy limit of 5.5 eV. Therefore, DNP does not have enough
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energy to surmount the transition state S;tsy threshold to
produce NO on the S; potential energy surface. In this case,
only the nonadiabatic relaxation pathway through (S;/S¢)cr
is open for DNP. The S| potential energy surface of DNP can
lead to a nonadiabatically coupled conical intersection from
the S; surface to the Sy surface through (S;/So)cr following
the minimum energy path. The molecule isomerizes to the
nitrite form on its Sy surface and undergoes NO elimination,
surmounting a small energy barrier (~0.70-0.88 eV) to
the nitro-nitrite isomerization transition state. This conical
intersection is energetically accessible and the molecule can
rapidly come back to the ground state transferring electronic
excitation energy to its vibrational degrees of freedom. The
structure near (S/Sp)cy is a loose nitro-nitrite transition state
geometry for which an NO, moiety at the related active site
of DNP interacts with the rest of the molecule from a long
distance (~3.0 A) for the different NO, groups. This NO,
group has an out of plane NO, bending mode with respect
to the C-NO; plane: near (S/So)cr the energy differences
between S; and Sy for the two NO, group are 15 cm~! (C3)
and 4 cm™! (C4), respectively. No torque is applied to NO
during the decomposition along this reaction coordinate, thus
the NO product should have a cold rotational temperature,
consistent with experimental results. In sum, DNP can
only decompose on its Sy ground state under all excitation
conditions, generating cold rotational and hot vibrational
temperatures for the NO initial product. Initial decomposition
for either of the two NO, groups at C3 or C4 positions
of the pyrazole ring is energetically and structurally quite
similar.

The most significant difference between the ener-
getic system DNP and model systems 4-nitropyrazole and
1-nitropyrazole, is that the model systems have two competi-
tive decomposition pathways: model molecules can form NO
product in either Sy or S; state, while the energetic system
can only decompose in the ground state Sy, in which more vi-
brational energy is stored. The difference is manifested in the
experimental results, as the NO product from DNP is 1350 K
vibrationally hotter than that from the model species. From
our previous study on energetic/model systems, the NO prod-
uct from energetic materials usually has cold rotational tem-
perature and hot vibrational temperature while from model
material the NO product is usually rotationally hot and vibra-
tionally cold.?27-29-32:34-38 DNP behavior is consistent with
that of previous studies of energetics, while these model sys-
tems display somewhat different behavior from that of other
model systems. Nonetheless, both mono-nitropyrazoles and
-nitroimidazoles display similar internal energy distributions
for the initial NO product. Both nitropyrazoles and nitroimi-
dazoles have aromatic rings that have a significant affect the
reaction pathways; moreover, their first few electronic excited
states are of a similar orbital excitation description involv-
ing nyr* transition on local NO, groups. The rotational excita-
tion of the NO product depends on the structure and reaction
coordinate of the final transition state for the decomposing
parent molecule. The vibrational excitation of NO depends
on the stored vibrational energy in the particular electronic
state in which the decomposition occurs (e.g., Sp or S; in
this instance).The general result is that for all NO, containing
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energetic materials decomposition following electronic exci-
tation, NO is the initial product from Sy with a higher degree
of vibrational excitation than found for comparable model
species, which typically decompose from an excited elec-
tronic state.

The vibrational temperature of the initial dissociation
product is important in recognizing energetic molecules be-
cause initial decomposition products with high vibrational
excitation are able to propagate a chain reaction, following
the initial stimulus, which leads to detonation. The model
molecules do not have an efficient single pathway to release
their entire chemically stored energy during the excited elec-
tronic state decomposition process. Multi-nitropyrazoles de-
scend to the ground state through a series of conical intersec-
tions and dissociate on the ground state PES after nitro-nitrite
isomerization to produce an NO initial decomposition prod-
uct. This S, — ... — S, pathway through a series of conical
intersections leaves the molecule on a new part of the Sy po-
tential energy surface, not necessary near the FC equilibrium
point.3!:32 Thereby, all the excitation energy is available to
break internal bonds to generate reactive fragments and radi-
cals for further reactions as maybe required to be classified as
an energetic molecule.

VI. CONCLUSIONS

The decomposition of the energetic material DNP and
two model materials 4-nitropyraozle and 1-nitropyrazole fol-
lowing electronic excitation has been explored via nanosec-
ond, energy resolved spectroscopy. These materials create NO
as an initial decomposition product at the nanosecond ex-
citation energies (5.0-5.5 eV) with vibrationally hot (model
system 2300 £+ 300 K, DNP 3850 £+ 50 K) and rotation-
ally cold (<60 K) NO product. Based on the experimental
observations and CASSCEF theoretical calculations, we con-
clude that for the mono-nitropyrazole model systems, a com-
petition of molecular decomposition on both the S; excited
and Sy ground electronic states is possible, with S; state de-
composition more probable. For the energetic DNP, decom-
position occurs on the Sy state potential energy surface, as S,
state decomposition is energetically unavailable. Molecules
excited to the S, state descend to the S| and Sy states through
(S2/S1)cr and (S1/So)cy conical intersections, and NO is gen-
erated following a nitro-nitrite isomerization either on the S;
potential energy surface (model system) or Sy surface (DNP,
small percent of model systems). Conical intersections are
the key point for the theoretical mechanisms, as they pro-
vide nonadiabatic radiationless internal conversion between
upper and lower electronic states on the fs time scale. For
all NO, containing energetic material studied at the present
kinetic and dynamic level of detail, vibrational temperature
of the NO product from the energetic materials is at least
1000 K higher than that for their related model systems.
Each energetic system decomposes on a lower electronic
state surface than its models do: during this process, more
stored plus excitation energy can be released to propagate
a chain reaction following the initial stimulus that leads to
detonation.
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