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ABSTRACT: Dimethylnitramine (DMNA) is a prototype system used in the
investigation of the unimolecular decomposition mechanism of the nitramine-compound
family. The photoinduced excited-state nonadiabatic processes and successive
unimolecular dissociation of DMNA were investigated by trajectory surface-hopping
dynamics at the semiempirical OM2/MRCI level. Two S,/S, conical intersections (Cl;,
and Cl,,5) were found to play essential roles in the nonadiabatic decay dynamics of
DMNA. After the S; — S, decay, the excess kinetic energy finally results in the cleavage of
the N—N bond in the ground electronic state. The two reaction channels through CI,,
and Cly;4 show differences in molecular motions and decay features. The trajectories
passing Cl;;, can hop one or several times, and the intramolecular vibrational energy
transfer in the ground state takes place before dissociation, whereas trajectories following
the Cly4 channel mainly dissociate directly after only one S; — S, hop. o o8

1. INTRODUCTION These studies suggest that nonadiabatic transitions between
different electronic states play an essential role.**™2°

As one of the simplest compounds in the nitramine family,
DMNA has attracted broad research interest. Early work on
DMNA confirmed its very short excited-state lifetime on the
basis of its very broad absorption spectra. Furthermore,
Thus, over the past several decades, these nitramine Mialocq a.nd Stephe.nsorfo. and McQuaid et al.”” showed that
compounds have been the focus of great research interest the photoinduced dissociation products (ON,, OH, NO, NO,)
from both the experimental and theoretical points of view.'™ are highly dependent on the laser-excitation wavelength. Many
To fully understand how chemical energy in these materials experimental investigations have focused on the dynamics
converts into mechanical energy, many efforts have been made
to study the mechanism of energy release through unimolecular

As energetic materials, members of the nitramine-compound
family, including 1,3,5-trinitro-1,3,5-triazacyclohexane (RDX),
1,3,5,7-tetranitro-1,3,5,7-tetraazacyclooctane (HMX), and di-
methylnitramine (DMNA), are widely utilized as explosives and
fuels, because they can store large amounts of releasable energy.

starting from the second excited state S, because of its strong
absorption. For example, Bernstein and co-workers performed a

decomposition.®”"* Many earlier works focused on the thermal systematéic lexploration of the photoinduced dynamics of

reactions of the nitramine family, particularly their dissociation DMNA.*”"* By the combination of experimental and

in the ground electronic state."*™ theoretical studies, they found that (1) nonadiabatic transitions
In recent years, the excited-state processes of the nitramine at the S,/8; and S,/S, conical intersections (Cls) play essential

family have also attracted much research interest. In roles in the excited-state processes of DMNA, (2) significant

experimental studies, several different photolysis products nitro—nitrite isomerization is responsible for the decomposition

(NO,, CH;0NO, CH,0, CH;NO, NO, and ON,) have been of DMNA, and (3) the major product is NO. At room

observed.>>™>° The probability of obtaining different products temperature and in low-collision environments, the isomer-

can be modified by varying the experimental conditions. This ization mechanism is still valid, while the channel to generate

indicates that the photochemistry of the nitramine family is

very rich. Theoretically, the electronic excitations and excited- Received: March 3, 2013

state reaction mechanisms of these compounds have been Revised:  May 10, 2013

examined at different levels of electronic-structure theories. Published: May 14, 2013
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NO, and N(CHs), starts to be important because of the high
diftusive ability of the products.

With the development of technology, the study of the
photoinduced dynamics of DMNA starting from its lowest
electronic excited state has become accessible. Using time-
resolved pump—probe spectroscopy, Guo et al.'* suggested that
the S, state of DMNA undergoes an ultrafast single-exponential
decay (lifetime = SO + 16 fs). Through the combination of
experimental observations and theoretical calculations, they
confirmed that the ultrafast decay of the S, state is due to the
nonbarrier reaction pathway from the Franck—Condon (FC)
region to the S;/Sy CI. They also proposed that, after S, — S,
decay, the bending motion of NO, is highly excited. Afterward,
intramolecular vibrational energy transfer finally leads to the
cleavage of the N—N bond. Their proposed mechanism of
DMNA dissociation in the S, state is consistent with previous
theoretical work by Sumpter and Thompson,'® who predicted
the key role of the NO, bending motion during N—N bond
cleavage in thermal reactions.

Although many studies have been performed in an effort to
unravel the interplay between the nonadiabatic dynamics and
the dissociation of DMNA, it is still difficult to examine all of
the details from experimental works and reaction-path
calculations, particularly because of the complex nature of the
dissociation products. Thus, it is necessary to directly simulate
the excited-state dynamics of DMNA from the theoretical point
of view, which would certainly bring a more precise
understanding of the role of conical intersections in the
photoinduced dissociation of DMNA. For this purpose, we
performed nonadiabatic dynamics simulations of DMNA using
the on-the-fly surface-hopping method.*' ~** The semiempirical
OM2/MRCI method was employed to treat the relevant
electronic states and their couplings, because many benchmark
calculations showed that this method can provide a reasonable
compromise between computational cost and accuracy.**™>°
Although it was reported that the OM2/MRCI method might
not always give excellent descriptions of some systems,’”
nonadiabatic dynamics simulations at the OM2/MRCI level
should still be a powerful and meaningful tool after careful
benchmark calculations.®*™** For benchmark reasons, high-
level electronic calculations were also performed. As our first
step to understand the nonadiabatic dynamics of the nitramine
family, the current work focused on only the photoinduced
reactions of DMNA from its first electronic excited state (S,).

This article is organized as follows: In section 2, we address
the computational details, including the OM2/MRCI method
and the surface-hopping method. To test the accuracy of the
OM2/MRCI method, ab initio and density functional theory
(DFT)/time-dependent density functional theory (TDDFT)
methods were also applied for benchmarking. In section 3, the
results including the potential energy (PE) surface and
nonadiabatic dynamics are discussed in detail. The last section
summarizes the whole work.

2. COMPUTATIONAL DETAILS

In the current work, electronic-structure calculations and
nonadiabatic dynamics simulation were mainly treated at the
semiempirical level of theory. All semiempirical calculations
were performed using the development version of the
MNDOQO99 program.43 For benchmark reasons, ab initio and
DET/TDDFT calculations were also 44performed at critical
points. The TURBOMOLE program™ was used in these
benchmark calculations.
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2.1. Semiempirical Method. The semiempirical electronic
Hamiltonian was constructed within the framework of the
orthogonalization model 2 (OM2) method.**>® Excited-state
wave functions were described by the multireference
configuration interaction (MRCI) method.*® At the OM2/
MRCI level, the potential energies of relevant electronic states,
their gradients, and their nonadiabatic couplings were
calculated analytically. The self-consistent field (SCF) calcu-
lations were performed according to the restricted open-shell
Hartree-Fork (ROHF) formalism, which provides a reasonable
description of excited-state wave functions.*® In the MRCI
expansion, three references (closed-shell and single and double
HOMO-LUMO excitations) were used to build all config-
urations. All single and double excitations from these three
references were included in the configuration-interaction
treatment. The active space (AS) in the MRCI included 10
electrons in 9 orbitals [(10,9)]: one ¢ orbital, two 7 orbitals,
two nonbonding orbitals, one 7z* orbital, and three 6* orbitals.
This active space gives data that are consistent with results
obtained using high-level theories, such as complete-active-
space self-consistent field (CASSCF) with a similar AS size."*
The slightly different AS used here with respect to the previous
CASSCF work is mainly due to the smooth description of the
excited-state PE surface.

Geometry optimizations of the ground-state and excited-state
minima were performed using the Newton—Raphson iteration
scheme. The minimum-energy structures of conical intersec-
tions were obtained using the Lagrange—Newton method.*’~*
Reaction pathways between the ground-state minimum and the
relevant Cls were constructed by constrained optimization on
the S, state. The CI seams were also located by the constrained
CI optimization along the fixed N—N distance.

2.2. Nonadiabatic Dynamics. The photoinduced non-
adiabatic decay dynamics was studied by trajectory-surface-
hopping simulations at the OM2/MRCI level. The non-
adiabatic transition was treated with Tully’s fewest-switches
algorithm. The initial sampling was composed of two successive
steps, and all technical details can be found in refs 31—33 and
50. A set of 200 initial conditions (geometries and velocities)
were randomly selected from a preliminary 10-ps Born—
Oppenheimer molecular dynamics on the S, surface at 300 K.
Then, initial conditions were created by putting these snapshots
into the S, state vertically. All relevant energies, gradients, and
nonadiabatic couplings were calculated analytically in an “on-
the-fly” manner. The step time was 0.1 fs for nuclear motion
and 0.001 fs for electronic propagation. To check the short-
time nonadiabatic features and examine the long-time behavior
of molecular motions, dynamics up to both 1 and 2 ps were
calculated.

2.3. High-Level Calculations. To test the accuracy of the
data calculated at the semiempirical level, ab initio and DFT
calculations were also performed at the critical points. The
B3LYP,>*"*? PBE,*® and PBE0**™>” functionals with the def2-
SVP basis set>®>® were used in DFT/TDDFT calculations. In
ab initio calculations, the RI-MP2 method®*~®® with the SVP
basis set®”*> was used to optimize the S; minima. Then, the
excited states were treated at the ADC(2)/SVP level of
theory.®

3. RESULTS

The molecular structure of DMNA is shown in Figure 1. The
geometry parameters used in the study of photoinduced
processes are listed in Table 1. In this table, bond lengths N1—
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Figure 1. Molecular structure of DMNA.

Table 1. Important Internal Coordinates

label internal coordinate
r, distance N1-N2
T distance N2—03
re distance N1-C$5
0, angle O3—N2—-04
0, angle C5—N1-C6

dihedral angle N1-N2—-03-04
dihedral angle N2—N1-CS—C6

N2, N2—-03, and N1-CS5 are described by r, r, and r,
respectively. The bond angles O3—N2—04 and C5—N1-C6
are represented as 6, and 6,, respectively. The dihedral angles
N1-N2-03-04 (z,) and N2—N1-CS5—C6 (t;,) describe the
pyramidalizations at the N2 and N1 atoms, respectively.

3.1. Potential Energy Surface. Two S, minimum-energy
structures of DMNA were located at the OM2/MRCI level
(Figure 2). The frequency analysis shows that both of them are

(SU)minu (SO)minB (81)min
(b1)
(a2) (b2) (c2)

Figure 2. Optimized geometries of two ground-state minima [(Sy) minw
(So)ming] and one lowest singlet excited-state minimum (S,)y, of
DMNA obtained at the semiempirical OM2/MRCI level of theory
with AS(10,9): (al,bl,cl) top views and (a2,b2,c2) side views.

real minima. The first Sy, minimum, (S) e displays a perfect?r
: ) 67,68
planar structure with C,, symmetry, as reported previously.””
The second S, minimum, (Sg)ums is located only slightly
higher (0.01 eV) than (Sg)mina; See Table 2. Weak
pyramidalization at N1 atom (7, = —156.0°) is observed at
(So)minpy Which displays C, symmetry. We note that the PE
surface between two S, minima is very flat. (See Figure S-1 of

the Supporting Information.)
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At the OM2/MRCI level, the vertical energies of the lowest
singlet excited state S; at (So)ming and (Sg)ming are 4.31 and 4.33
eV, respectively. S, corresponds to the HOMO — LUMO
transition with na* character, and they are all in good
agreement with the available experimental absorption value of
4.57 eV (271 nm)."*

Both the minima were optimized at the DFT and RI-MP2
levels. In these cases, (Sy)pins is the global minimum, and the
energy difference between the two S, minima is still rather
small. At the TDDEFT level, the S, — S, transition energies at
(So) mine and (So)min/} are in the ranges of 4.52—4.80 and 4.61—
4.81 eV, respectively. Similar data were also obtained at the
ADC(2) level. Interestingly, the pure functional PBE seems to
give better performance than the hybrid functionals B3LYP and
PBEO. Given the general deviations of TDDFT and ADC(2),
our OM2/MRCI data are acceptable.

Starting from the ground-state minimum, only one §,
minimum is located at the OM2/MRCI level. The (S,),, is
characterized by the pyramidalization motions at N2 and N1
atoms along opposite directions (7, = —125.1°, 7, = —146.9°).
At (S1)min the energy gap between the S; and S, states is 0.51
eV. The (S;) i state with a similar geometry can also be found
at the TDDFT level. We observed that the TDDFT method
tends to predict less distortion of the (S;),, geometry and a
higher S, energy than the OM2/MRCI method. However, the
topologies of the (S;),,i,» geometries at the two levels are similar
(see Figure S-2, Supporting Information). This means that the
OM2/MRCI method should, in principle, give a qualitatively
correct description of the (S;),., state.

Two S;/S, conical-intersection minima were located at the
OM2/MRCI level that differed by two key internal coordinates:
the N—N bond distance and the pyramidalization at the two N
atoms. (See Figure S-3, Supporting Information.)

The first S,/S, conical-intersection minimum, CI},, lies 3.09
eV above the global ground-state minimum [(Sg)minal-
Pronounced N—N stretching is not observed at CIfj, (r, =
1.38 A) with respect to (So)mine- The most striking feature of
CIp1, is the presence of rather strong pyramidalizations at the
N2 (7, = 121.5°) and N1 (7, = 144.3°) atoms, whereas the two
pyramidalization modes are aligned in opposite directions with
respect to the molecular plane. CIj},, also exhibits a pronounced
O—N-0 bending motion with respect to (Sy)mina (0, = 88.4%
see Figure 3).

The second S,/S, conical-intersection minimum, CIgyg, is
located at 2.12 eV relative to (Sp)mine The most significant
feature of this conical intersection is that the N—N bond
becomes very long (r, = 1.75 A). This means that a strong N—
N stretching motion is necessary to access Clgs from the
Franck—Condon (FC) region. Pronounced pyramidalizations
at the N2 (r, = 134.1°) and N1 (7, = —153.6°) atoms are also
observed at CIp although they point in the same direction
with respect to the molecular plane. Both the pyramidalizations
and the bending motion of the O—N—O group at CIg;4 are less
pronounced than those at CI,.

To obtain the further information on the S,/S, crossing, CI
seams were constructed by CI constrained optimization
following the N—N distance (r,) (for typical geometries with
longer N—N bond distances, see Figure S-4 of the Supporting
Information). For the range of r, values (1.33—1.73 A), Cly,,
preserves its nonplanar character, whereas such optimization
faces nonconvergence problem when r, is longer than 1.73 A.
For the same reason, the Cly;; seam can be constructed up to
1.92 A. With increasing r,, the nonplanar character becomes
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Table 2. Adiabatic Energies (eV) and Vertical Energies (in Brackets) of Electronic States at (So)mings (So)ming and (S1)min

geometry state B3LYP PBE PBEO RI-MP2-ADC(2) OM2/MRCI
(So) mina So 0.05 [0.00] 0.02 [0.00] 0.04 [0.00] 0.10 [0.00] 0.00 [0.00]
S, 4.75 [4.70] 4.54 [4.52] 4.84 [4.80] 471 [4.61] 431 [4.31]
(S0) ming So 0.00 [0.00] 0.00 [0.00] 0.00 [0.00] 0.00 [0.00] 0.01 [0.00]
S, 4.72 [4.72] 4.61 [4.61] 4.81 [4.81] 4.59 [4.59] 4.34 [4.33]
(S1) min So 1.90 [1.90] 1.91 [1.91] 1.97 [1.97] - 2.54 [2.45]
S 3.62 [3.62] 3.38 [3.38] 3.81 [3.81] - 3.05 [3.05]
m m 1
C[mu Clmﬁ :
508, T
=
Z0.6-
(&1 -
[=] LS
L
%30.4— .
§ ‘:-,' T L
< 0.2 T
; ‘ | | ] - I i
0 100 200 300 400 500
| Time (fs)

de 28

Figure 3. Geometries of two optimized S,/S, conical-intersection
minima of DMNA at the OM2/MRCI level with AS(10,9). The
energies of CIj}, and CIjj4 are 3.09 and 2.12 eV, respectively. (al,bl)
Top views and (a2,b2) Side views.

weaker, and finally, a planar geometry is reached (z, = 180.0°,
7, = 180.0°) for Cly, Relative structure parameters of these
geometries are reported in Table S-1 (Supporting Information).

Potential energy surfaces between the FC geometry
[(So)mina) and the two S;/S, CIs were constructed using
constrained optimization on the S, state by fixing key reaction
coordinates. For both pathways, no barrier was observed; see
Figure S-5 of the Supporting Information for details. This
suggests that both CIgj, and CIjj4 should be responsible for the
nonadiabatic channels in the photoinduced reaction of DMNA.

3.2. Nonadiabatic Dynamics of DMNA. Ground-state
molecular dynamics simulations were run to generate a set of
snapshots for initial sampling. To test whether a 10-ps
molecular dynamics run in the ground state is long enough
for initial sampling, the statistical data for geometry distribution
were examined along the molecular-dynamics trajectory at
different time durations (see Figure S-6, Supporting Informa-
tion). After 6 ps, the distribution functions of important
geometric coordinates (r, 7, and 7,) became rather stable.
Also, concerning the size of the current system, it is reasonable
to believe that 10 ps of molecular dynamics in the electronic
ground state is long enough to span all important regions of the
full phase space. Because the two S, minima have very similar
energies and no barrier between them (see Figure S-1 of the
Supporting Information for details), such an approach should,
in principle, cover a reasonable geometric region for sampling.

After excitation to S;, DMNA displays ultrafast S, — S,
decay; see Figure 4. Within the first 35 fs, 50% of the
trajectories jumped to the S, state. Interestingly, the recurrence
of the S, population was observed, and about 25% of the
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Figure 4. Time-dependent average fractional occupation of electronic
states.

trajectories jumped back to the S; state at 47 fs. Afterward, the
S, population decayed almost monotonically, and no obvious
recurrence occurred. After 400 fs, more than 90% of the
trajectories hopped to S;, and the decay was essentially over.
The plot of the average fractional occupation exhibits two
interesting phenomena. The first is the ultrafast decay of S,
population. More than 60% of the trajectories decayed to S,
within 100 fs. This ultrafast decay is in good agreement with the
experimental results (lifetime of 50 + 16 fs)."* It is well-known
that the natural broadening of absorption spectra can be
explained by the uncertainty principle correlating the excited-
state lifetime and its energy. Thus, the rather short lifetime
gives a large energy uncertainty and a broad band.®’ This
explains the rather broad absorption of the S, state in DMNA.”
The second is the recurrence of the S, population in the early
stage of the dynamics. This phenomenon was not observed in
the experimental study, which might be because the recurrence
time is too short to be detected.

To understand the roles of conical intersections in the
reaction dynamics, the nonadiabatic decay of DMNA was
further examined by checking two key geometric parameters (r,
and 0,) at the first S;/S, hopping event, as shown in Figure S.

Starting from the FC region, the system moves on the S,
state and accesses two Cls (Cly,, and Cly,5) quickly, where the
first S, — S, hop takes place. The probabilities of passing Cly,,,
and Clyy4 are similar for the first S; — Sy hop; see Figure 5
This indicates that the two conical intersections play equivalent
roles in the nonadiabatic dynamics of DMNA. The CI,, seam
is almost parallel to the N—N bond stretching motion. Thus,
we expect that the approach to the Cl,, seam from the FC
region does not necessarily require N—N stretching, whereas
pyramidalization must be involved. In contrast to the Cly,,
seam, the Cly 3 seam is partially perpendicular to the N—N
stretching motion. Thus, the N—N bond must be extended
before the Cly; seam is reached. We could not obtain the
profile of the whole CI seam, because the constrained
optimizations of conical intersections did not converge at

dx.doi.org/10.1021/jp402180p | J. Phys. Chem. A 2013, 117, 4785—4793
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0.5 15 2
r (angstrom)

Figure S. Geometric distribution at the first hops (over all trajectories)
as functions of r, and 6,. Solid lines represent the two conical-
intersection seams Cly, and Cl5. The minima (CIf;, and CIjj4) of
these two CI seams are marked by crosses (+). The label FC refers to
the Franck—Condon point.

long N—N distances. However, the current data are sufficient to
examine the basic features of the CI seams and explain the
nonadiabatic reaction channels.

After the investigation of the first S; = S, hops, the next task
was to clarify the final reaction products and their dependence
on different conical-intersection pathways. The branching ratios
of all reaction channels are shown in Figure 6.

40-

[yo] w
o o

Percentage (%)
3

other

Figure 6. Percentage distribution of trajectories toward different
reaction channels: d, trajectories display dissociation up to 1 ps; d + 1,
trajectories that dissociate directly after only one S; — S, hop; d + m,
trajectories that hop down and up several times before dissociation;
no-d + 1, trajectories that have one S; — S; hop and do not dissociate
at the end of simulation; no-d + m, trajectories that hop several times
and do not dissociate.

For a majority of the trajectories, dissociation took place after
the system finally jumped back to the S, state. For both the
Cly, and Cly4 channels, N—N bond cleavage was observed,
and the final products were NO, and N(CHj,),. However, the
two CI channels showed rather different dynamic features.
Here, we provide only the important data in Figure 6 for
analysis; more details on the branching ratios can be found in
Table S-2 (Supporting Information).

About 42% of all of the trajectories passed Cly;, during their
first hops. Afterward, these trajectories had different destina-
tions, and most of them went to dissociation. Overall, 14% of
the trajectories dissociated directly after only one S; = S, hop,
whereas 13% of the trajectories hopped more than once before
dissociation. Only a minor fraction of the trajectories did not
ultimately dissociate. Also in Figure 6, it is noted that 48% of all
trajectories accessed Cly;; during their first hops. Significantly
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differing from the Cly,, channel, most trajectories (37%) here
dissociated directly without any rehopping. Only a few of
trajectories exhibited several hops. We also observed other
reaction channels, although their contributions were so minimal
that we did not consider them. For both the Cly;, and Clys
channels, dissociation occurred after the last hop, meaning that
these trajectories should dissociate on the S; state rather than
the S, state.

To test the convergence of the branching ratio toward
different products in the dynamics simulations, we also
performed an independent set of nonadiabatic dynamics
simulations up to 2 ps, and the results were essentially same.
(See Figure S-7 of the Supporting Information for details.)

To understand why the final reaction channels were strongly
dependent on the conical intersections, typical trajectories of
the two reaction channels were examined in detail.

For trajectories passing Cl,, it is important to understand
why many of them dissociated after several hops. Thus, one
such typical trajectory is plotted in Figure 7a—f. Within the first
100 fs, the molecule hopped several times between S, and S,
through CI,,, (Figure 7b,f) and then finally decayed to S,. The
reasons for the multiple hops can be understood by examining
the involved internal coordinates (Figure 7c—f). In the early
stages of the dynamics, only the strong pyramidalization at the
N2 atom (7, in Figure 7c) was observed, whereas the N—N
distance did not increase obviously. Thus, the trajectory
accessed Cly,, repeatedly, resulting in several hops. The feature
of this typical trajectory is consistent with the geometric
distribution of the first hopping events (see Figure 5). From the
discussion regarding Figure 5, it is expected that the strong
pyramidalization at the N2 atom, instead of the N—N
stretching motion, drives trajectories moving toward Clj,,. As
far as the trajectory decaying to the S, state, the energy flowed
from pyramidalization at the N2 atom to pyramidalization at
the N1 atom (Figure 7c,d). After 700 fs, the elongation of the
N-N distance started to appear, leading to dissociation. This
implies that intramolecular vibrational energy transfer on the
ground state is necessary for dissociation.

At this point, the dynamics for this type of trajectory
becomes rather clear. The profile of the S; surface generates a
pyramidalization motion at the N2 atom instead of an initial
N-—N elongation, which might result in multiple hops at Cly,,.
Between the first and last hops, all jumps take place at Cly,,,
and Cly,p is not involved at all. After the last S; — S, hop, the
vibrational energy flows from the pyramidalization motion at
the N2 atom to the N—N stretching motion. This finally leads
to dissociation and gives NO,. This analysis can explain why
this group of trajectories can experience one or several hops
before the final dissociation. The number of hops at Cl,
should depend on the time scale of vibrational energy transfer.

To understand the mechanism of vibrational energy flows
from the pyramidalization at the N2 atom to the N—N
stretching motion, two-dimensional potential energy surfaces of
the S, and S; states were constructed as functions of the N—N
stretching coordinate and the pyramidalization angle (see
Figure S-8, Supporting Information). On the S, state, these two
vibrational motions can be described independently near the
ground-state minimum region, whereas strong couplings
between them exist in the case of large-amplitude molecular
vibrations. After the trajectories (through Cly,) finally jump
back to the S, state, the excess kinetic energy certainly results in
a rather strong pyramidalization motion, and thus, the strong
coupling region is accessible. As a result, vibrational energy flow

dx.doi.org/10.1021/jp402180p | J. Phys. Chem. A 2013, 117, 4785—4793
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Figure 7. Time-dependent properties of a typical trajectory that passes the Cly;, seam and displays many hops: (a) potential energies of relevant
electronic states over the entire simulation time (1000 fs); (b) potential energies within 300 fs for all hopping geometries; (c—f) geometric

parameters (c) 7, (d) 7, (e) r,, and (f) 6, as functions of simulation time.

from the pyramidalization at the N2 atom to the N—N
stretching motion becomes possible on the S, state. Similar
vibrational energy transfer was noticed by Sumpter and
Thompson, who investigated the thermal decomposition of
DMNA. Although previous studies have assumed the decisive
role of the O—N—O bending motion in vibrational energy
transfer, we prefer to propose that this NO, bending motion is
mainly a result of pyramidalization at the N2 atom. If the
vibrational energy transfer becomes very inefficient, dissociation
might not take place. This can explain the small number of
trajectories that did not dissociate within the simulated time
scale (up to 2 ps). However, these nondissociated trajectories
play only a minor role in the nonadiabatic dynamics of DMNA.

Most trajectories passing Cly;4 dissociated after only one S,
— Sy hop. The underlying mechanism can be understood by
checking a typical trajectory in Figure 8a—f. In this case, the N—
N stretching motion is excited in the very earlier stage of the
dynamics (Figure 8e). The elongation of the N—N bond brings
the system into Cly;5 where the S; — S, hop occurs. This
observation is consistent with the discussion regarding Figures
3 and S, because the N—N stretching motion becomes
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necessary when Cl,4 is accessible. After the S, — S, hop,
the excess vibrational energy in the N—N stretching motion
leads directly to N—N bond cleavage, and product NO, is
released. Thus, in this situation, direct dissociation takes place
after only one S; — S hop at Cly;4. For the trajectories passing
both Cly, and Cly dissociation occurs in the ground
electronic state. Thus, dissociation takes place only after S, —
So nonadiabatic decay. For most trajectories, we did not observe
isomerization along the N—N bond or the formation of
HONO. These two motions are supposed to be very important
to the nonadiabatic dynamics of DMNA if the S, state
represents the initial condition.'>'>”*

4. CONCLUSIONS

In the current work, we studied the mechanism of the
photoinduced chemical reactions of DMNA by nonadiabatic
dynamics simulation at the OM2/MRCI(10,9) level. As a
preliminary work, we focused on the nonadiabatic dynamics
starting from the S, state and the successive dissociation after S;
— S, decays.
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Two S;/S, CI minima were located at the OM2/MRCI-
(10,9) level. The first one, CIg},, displays strong pyramidaliza-
tions at both the N2 and N1 atoms but in opposite directions,
as well as a short N—N distance. The second CI minimum,
CIgyp is also characterized by pyramidalizations at N2 and N1
atoms but in the same direction. At ClIg; N-N bond
elongation is also observed.

In the surface-hopping simulation, the ultrafast decay process
was observed within 100 fs. This explains the extremely short
lifetime of the S, state in the experimental observations of Guo
et al."* and the rather broad absorption line shape of the Sy —
S, transition.”® When the nonadiabatic decay finishes, the
excess energy finally leads to unimolecular dissociation in the
ground state. For most trajectories, the final products are NO,
and N(CH,),.

The two ClIs play essentially equivalent roles in the
nonadiabatic dynamics of DMNA, although the trajectories
following these two channels show rather different features.
Many trajectories passing Cl;;, can hop one time or several
times before the final dissociation. During this process,
intramolecular vibrational energy transfer from pyramidaliza-
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tion at the N2 atom to N—N bond stretching is observed. For
trajectories accessing Cly;5, N—N bond elongation should be
necessary. As a result, direct dissociation is preferred after only
one S; = S, hop.

The current trajectory-surface-hopping simulations at the
semiempirical OM2/MRCI level provide a reasonable
description of the photoinduced reaction of DMNA with
rather low computational cost. The results are consistent with
those of available experimental and theoretical studies. In
addition, we found many novel and interesting insights in the
photoinduced dynamics of DMNA. We hope that these new
findings will inspire further research interest in the excited-state
dynamics of energetic materials.

B ASSOCIATED CONTENT
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Typical structures at critical geometries (S; minimum and So/S,
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