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Abstract. In this report, electronically non-adiabatic decomposition pathways of clusters of dimethylnitramine
and aluminum (DMNA-Al and DMNA-Al2 ) are discussed in comparison to isolated dimethylnitramine
(DMNA). Electronically excited state processes of DMNA-Al and DMNA-Al2 are explored using the
complete active space self-consistent field (CASSCF) and the restricted active space self-consistent field
(RASSCF) theories, respectively. Similar to the nitro-nitrite isomerization reaction pathway of DMNA, DMNAAln clusters also exhibit isomerization pathway. However, it involves several other steps, such as, first Al-O
bond dissociation, then N-N bond dissociation followed by isomerization and finally NO elimination.
Furthermore, DMNA-Aln clusters exhibit overall exothermic decomposition reaction pathway and isolated
DMNA shows overall endothermic reaction channel.
Keywords. Excited electronic state; Non-adiabatic; CASSCF and RASSCF calculation; DMNA-Al cluster.

1. Introduction
Molecular energetic material (EM), composed of oxidizer and fuel constituents in one molecule (e.g., nitroglycerine, RDX, HMX, etc.), releases a large amount of
stored chemical energy via decomposition. Dissociation
of EM can be initiated by sparks, shocks or arcs that can
excite energetic molecule to the electronically excited
states.1 For an example, recent ab initio calculations
show that shock compression at a pressure of 30 GPa or
above can cause an electronic excitation equivalent to
2–5 eV,1e which is comparable to the excitation energies
of the low lying excited electronic states of many energetic molecules, such as RDX (hexahydro-1,3,5-trinitro1,3,5-triazine), HMX (Octahydro-1,3,5,7-tetranitro1,3,5,7-tetrazocine,C4 H8 N8 O8 ) and CL-20 (2,4,6,8,
10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane).2
Therefore, excited electronic states play an essential
role in the initial steps of decomposition of these
molecules. Recently, Bernstein and his co-workers have
firmly established, both theoretically and experimentally, that conical intersection, which creates a funnellike topography of potential energy surfaces (PESs) due
to the crossing of multidimensional electronic PESs,
is a controlling factor in the excited electronic state
decomposition of energetic molecules.3 Thus, the initial decomposition steps of energetic molecules are
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electronically non-adiabatic in nature due to the involvement of more than one electronic PES.
For a long time, molecular EMs were the centre of
attraction in high energy applications (explosives, rocket
propellants, etc.). However, recently, composite metalized energetic materials (mEMs),4 containing metal
particles (e.g., Fe, Al, etc.) and traditional molecular
EMs, have drawn significant attention due to their superior performance over molecular EMs.5 They are found
to release more energy.6 Compared to the molecular
EMs, mEMs release energy at much faster rates with
more complete combustion. Enhanced performance of
mEM over molecular EMs is often accounted for the
exothermicity of oxide formation reaction (e.g., heat of
formation of alumina from aluminum (4Al+3O2 →
2Al2 O3 ) is -1676kJ/mol7 ) for constituent metal during
combustion. This thermodynamic explanation is well
accepted among researchers in the energetic material
community. However, the other side of the problem
has never been seriously considered, particularly in the
context of their excited electronic state decomposition;
namely, presence of metal (particle) surface can also
alter the electronically excited electronic state decomposition mechanisms and dynamics of molecular EMs.
How do Al atoms affect the excited electronic state
decomposition mechanisms and dynamics of molecular
EMs? This question has remained unanswered in
literature, so far. Perhaps, one of the important reasons
is that the exploration of excited-electronic-state PESs
of large energetic molecules, such as RDX, are not
71
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directly feasible using only conventional quantum
mechanical (QM) methodologies which can describe an
excited state with adequate accuracy.2 ,3 In general,
multiconfiguration-based ab initio quantum mechanical
methods, such as complete-active-space self-consistent
field (CASSCF) and CAS perturbation theory (CASMP2/
CASPT2), are more accurate for exploring excitedelectronic-state PESs but they are still too expensive to
apply to large energetic molecules, such as RDX. The
requirement of a very large active space to perform
the CASSCF calculation for large energetic molecules
complicates the effort.
RDX, HMX and CL-20 are well known nitramine
(N-NO2 )-based energetic materials. Their chemical
structures are depicted in figure 1. These molecules possess a number of N-NO2 (nitramine) energetic moieties
with complex structures and that is why a structurally
simple analogue molecule dimethylnitramine (DMNA)
(figure 1), containing only one N-NO2 energetic moiety,
is often subjected to laboratory-based detailed experimental and theoretical study to explore the intrinsic decomposition mechanisms and dynamics of a
nitramine moiety.8 As often aluminum (Al) powder
or particles is mixed with nitramine EMs (such as,
RDX) in high energy rocket propellant applications,9
DMNA-Aln clusters can be considered as a simple
analogues metalized energetic system. To date, the
electronically excited state decomposition of molecular isolated DMNA has been investigated experimentally and theoretically, in details.8 Thermally activated
(ground electronic state) decomposition of nitramine
energetic materials at the Al(111) surface has also been
studied.9 b,c However, excited electronic state decomposition of DMNA-Aln clusters is hitherto-unexplored.
Furthermore, a comparative study of the excited electronic state decomposition mechanisms of DMNA-Aln

Figure 1. Chemical structure of nitramine-based energetic
molecules (RDX, HMX and CL-20) and a simple analogue
molecule dimethyl nitramine (DMNA).

clusters and that of isolated DMNA has not been performed yet.
In the present work, excited electronic state decomposition pathways of DMNA-Al and DMNA-Al2 have
been explored utilizing complete active space selfconsistent field (CASSCF) and restricted active space
self-consistent field theories, respectively. Different
basis sets are utilized to investigate the effect of enlarging
basis sets in the calculations. Effect of dynamic correlation is also examined using CASMP2 level of theory.
Both DMNA-Al and DMNA-Al2 exhibit electronically non-adiabatic decomposition pathways, involving
several steps such as, Al-O bond dissociation, N-N
bond dissociation and nitro-nitrite isomerization followed by NO elimination. On the other hand, isolated
molecular DMNA exhibits only nitro-nitrite isomerization followed by NO elimination (rendering NO
as initial decomposition product). Furthermore, overall
electronically non-adiabatic reaction of DMNA-Al
clusters is predicted to be exothermic; whereas, isolated
DMNA features endothermic, electronically non-adiabatic decomposition pathway. Therefore, present results
suggest that the decomposition behaviour of nitramine
energetic moiety can be completely altered in presence
of Al atoms. To the best of our knowledge, this is the
first report on electronically excited state decomposition of metalized nitramine energetic system.

2. Theoretical Procedure
All geometry optimizations at the ground and excited
electronic states of DMNA-Al are performed at the complete active space self-consistent field (CASSCF) theory
with 6-31G(d) basis set (denoted as CASSCF/631G(d)) using Gaussian 09.10 The active space used in
the CASSCF calculation for DMNA-Al comprises 13
electrons distributed in 11 active orbitals, denoted as
CASSCF(13,11). Orbitals used in the active space are
one N non-bonding nSN orbital, one Al non-bonding
nSAl , one NO bonding orbitals σNO , two NNO bonding
orbitals σNNO, one AlO bonding σAlO , one O nonbonding nσO orbital, two NO anti-bonding orbitals
∗
∗
∗
, one NN anti-bonding σNN
, one anti-bonding σAlO
,
σNO
as illustrated in figure 2. Similar active space was
previously used by Bhattacharya et al.3,8a for the
computation of excited electronic states of isolated
DMNA. To understand the effect of different basis
sets in the present CASSCF calculations, computational results obtained using different basis sets, such as
6-31G(d) and 6-31+G(d) and 6-311++G(d,p), are compared and contrasted. The energy profile diagrams
with respect to optimization steps, connecting FC
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Figure 2. Orbitals used in the active space in the CASSCF calculations for DMNA-Al. The active space
comprises 13 electrons which are distributed in 11active orbitals for DMNA-Al. Orbitals are computed at
the CASSCF(13,11)/6-31G(d) level of theory.

points and related conical intersections on the D2 and
D1 surfaces of DMNA-Al, are also calculated at the
CASSCF(13,11)/6-31G(d) level. Effect of dynamic correlation in the present calculation is investigated at the
CASMP2 level of theory.11 In order to perform computation at the CASMP2 level of theory, we have reduced
the active space to (11,8).
All geometry optimizations on the ground and the
excited electronic state potential energy surfaces of
DMNA-Al2 are executed by restricted active space
self-consistent field (RASSCF) method with STO3G basis set and then energies of the critical points
are recalculated using 6-31G(d) basis set (denoted as
CASSCF(RASSCF)//6-31G(d)) using Gaussian 09.10
RASSCF is an extension of the CASSCF calculation
in which three restricted active spaces are selected:
RAS1, RAS2 and RAS3; the orbitals used in difference RA spaces are depicted in figure 3. The
active space used in the RASSCF calculation consists
of 18 electron distributed in 15 orbitals and is denoted as
CASSCF(18,15,RASSCF(1,4,1,4))//6-31G(d), in which
the RAS1 houses 4 orbitals, the RAS2 contains 7
orbitals (Full CI expansion is performed in the RAS2
space) and the RAS3 consists of 4 orbitals. The energy
profile diagrams, connecting S2,FC to (S2 /S1 )CI and
S1,FC to (S1 /S0 )CI , are obtained using the CASSCF
(18,15,RASSCF(1,4,1,4))//6-31G(d)level of theory.
Vertical excitation energies, at both CASSCF and
RASSCF methods, are calculated by state-averaging

over the ground and excited states with equal weights
for each state. Critical points (minima and conical intersections) are optimized by using the algorithm implemented in Gaussian09. Some of the reaction pathways
of DMNA-Al are explored through potential energy
scanning. A relaxed potential energy scan is performed
using Z-matrix by changing the scan variables (respective bond distance). For comparison, some of the critical points on the ground state surface of DMNA-Al are
also explored at the MP2/6-31(d) level of theory.
3. Results and Discussion
3.1 DMNA-Al
In order to optimize DMNA-Al, we have placed one
Al atom at different sites of N-NO2 moiety; but, finally
all the initial geometries converged to the CASSCFoptimized ground state geometry (D0,Min1 ), as illustrated in figure 4, which shows a non-planar N-NO2
moiety, in which Al atom forms strong Al-O bond
with O atoms.The dihedral angle, NNOO, predicted at
CASSCF level of theory, is found to be ∼100◦ . Structures of DMNA-Al and isolated DMNA, optimized at
the MP2/6-31G(d) level of theory, are also given in
figure 4, for comparison. CASSCF- and MP2-optimized
structures for DMNA-Al are in good agreement with
each other. However, MP2 results for DMNA-Al and
DMNA differ significantly. The primary difference
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Figure 3. Orbitals used in the active space in the RASSCF calculations for DMNA-Al2 . The active space
comprises 18 electrons which are distributed in 15 active orbitals for DMNA-Al2 . Orbitals are computed at
the CASSCF(18,15,RASSCF(1,4,1,4))//6-31G(d) level of theory.

between DMNA-Al and isolated DMNA structures is
found to be in the N-NO2 region: DMNA exhibits a
planar N-NO2 moiety, whereas, that of DMNA-Al is
non-planar due to presence of Al atom. Furthermore,
both the N-N and the N-O bonds are elongated in
DMNA-Al complex in comparison with that of isolated
DMNA.
The vertical excitation energies for DMNA-Al,
computed at the CASSCF(13,11)/6-31G(d) optimized
Franck-Condon geometry (FC geometry at ground state
minimum), are listed in table 1. Present calculations
show that two lowest lying excited electronic states
(D1,FC and D2,FC ) for DMNA-Al possess vertical excitation energies of 4.13 and 4.59eV, respectively. Furthermore, the excitation from the D0,Min1 to the D1,FC
∗
corresponds to (nσO → σAl−O
) electronic excitation
∗
) electronic
and that to D2,FC features (σAl−O → σAl−O
excitation.
On the other hand, the vertical excitation energies of isolated DMNA, corresponding to two lowestlying excited states computed at the CASSCF(14,11)/631G(d) level of theory, are 5.13 (nσO → πONO *) and
5.92 eV(nσO → πONO *), respectively. This comparison

of vertical excitation energies and characters of
electronic excitation between DMNA-Al and isolated DMNA clearly indicates that vertical excitation
energies of DMNA are lowered in the presence of
Al atom. Furthermore, table 1 suggests that enlarging
the basis set in the present CASSCF computation for
DMNA-Al does not have significant effect, which was
also observed for earlier CASSCF computation for isolated DMNA.8a In addition, table 1 presents evidences
that CASMP2-computed energies are not changing significantly, estimating the values within an average range
of ± 0.7 eV.
A number of critical points on the electronically
excited and ground state PESs of DMNA-Al, such
as (D2 /D1 )CI , (D1 /D0 )CI , D0,Min2 , and D0,Min3 , are optimized at the CASSCF(13,11)/6-31G(d) level of theory.
Respective optimized geometries are depicted in
figure 5 with important bond lengths and bond angles.
The energy profile diagrams with respect to optimization steps, connecting FC points and related conical
intersections on the D2 and D1 surfaces, as calculated
at the CASSCF(13,11)/6-31G(d) level, are explicitly
depicted in figure 6a and b. As evident in these two
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Figure 4. Ground state optimized geometries of DMNA-Al at the
CASSCF/6-31G(d) and MP2/6-31G(d) levels of theory (top) and that of
DMNA optimized at MP2/6-31G(d) (bottom). Relevant structural parameters
are also given. The primary difference between DMNA-Al and DMNA is found
in the dihedral angle of NNOO.

figures, the decay paths connecting the FC point of the
D2 state to the (D2 /D1 )CI on the D2 surface and the same
from the FC point of the D1 state to the (D1 /D0 )CI feature
downhill processes. Structural evolutions through these
critical points, as also illustrated in figure 5, suggests
that the first step in the excited state decomposition
of DMNA-Al is Al-O bond dissociation, which finally
results in non-adiabatic transition of the complex from
the upper electronic states to the ground state surface,
rendering D0,Min2 geometry. The optimized geometries
at the (D2 /D1 )CI and the (D1 /D0 )CI show Al1-O2 bond

distance of 2.96 and 2.41 Å, respectively. Similarly, the
D0,Min2 optimized geometry exhibits Al1-O2 bond distance of 3.69 Å,while the same at the FC point shows
Al1-O2 bond distance of 1.82 Å.
Subsequent N-N bond dissociation path on the D0
surface from D0,Min2 , which is depicted in figure 6c,
is explored using relaxed potential energy scanning.
The scan results indicate that this process is associated with an activation energy barrier of 0.94 eVwith
respect to the D0,Min2 . The N-N bond dissociation
channel finally results in nitro-nitrite isomerization,

Table 1. Relative energies (in eV) of different critical points, calculated with respect to the D0,Min1
for DMNA-Al, as computed at the CASSCF(13,11)/6-31G(d), CASSCF(13,11)/6-31+G(d), CASSCF
(13,11)/6-311++G(d,p) and CASMP2(11,8)/6-31G(d) levels of theory.
State/CI

E(eV)
E(eV)
E(eV)
E(eV)
CAS/6-31G(d) CAS/6-31+G(d) CAS/6-311++G(d,p) CASMP2/6-31G(d)

D1,FC
4.13
4.59
D2,FC
(D2 /D1 )CI
2.63
1.96
(D1 /D0 )CI
0.43
D0,Min2
D0,Min3
−1.82
TS
1.37
NO-elimination −0.74
NO2 -elimination
1.89

4.21
4.67
2.67
1.98
0.41
−1.88
1.35
−0.76
1.93

4.22
4.67
3.71
2.56
1.27
−1.39
1.27
−0.89
2.20

5.05
5.32
3.43
2.81
0.91
−1.13
2.01
−0.80
1.95
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Figure 5. Geometries of DMNA-Al at the different critical points on the excited as well
as ground state potential energy surfaces, as found at the CASSCF(13,11)/6-31G(d) level of
theory.

rendering D0,Min3 . The D0,Min3 geometry, optimized at
the CASSCF(13,11)/6-31G(d) level of theory, which is
illustrated in figure 5, shows nitrite form which is
similar to that of isolated DMNA.8a Following nitronitrite isomerization, D0,Min3 can dissociate to either
NO2 or NO. In order to understand these two different
possible channels on the ground state PES of DMNAAl, we have explored the dissociation limits associated
with the eliminations of NO and NO2 from D0,Min3 using
relaxed potential energy scan at the CASSCF/6-31G(d)
level of theory. The scan results, depicted in figure 6d
and 6e, estimate that the limits to NO and NO2 eliminations with respect to the D0,Min3 are 1.08 and 3.71 eV,
respectively. Note that these values in table 1 are given
with respect to the D0,Min1 .
The N-N bond dissociation, followed by NO elimination or NO2 elimination channel on the D0 surface,
is also explored at the MP2/6-31G(d) level of theory.
Results are summarized in table 2. The activation
energy associated with nitro-nitrite isomerization of
DMNA-Al at the MP2 level is calculated to be 0.52 eV,
with respect to the D0,Minn . The MP2 level of theory also
estimates dissociation limits to the NO and NO2 eliminations following nitro-nitrite isomerization as 0.56 and
1.86eV, respectively, with respect to the D0,Min3 . Thus,
the N-N bond dissociation energy barrier and the dissociation limits to the NO and NO2 eliminations, following nitro-nitrite isomerization, for DMNA-Al, predicted
at the MP2, are in good agreement with that estimated

at the CASSCF level of theory. More comparison of
MP2 and CASSCF results for other critical points can
be found in the table 2.
To summarize the above results, a schematic one
dimensional plot of the multidimensional electronic
PESs (D, D1 , and D2 ) of DMNA-Al is depicted in
figure 7. Upon electronic excitation of DMNA-Al to
the FC point of the D2 state, the complex can follow a
barrier-less dissociation pathway from the FC point of
D2 state to the (D2 /D1 )CI , and then from the (D2 /D1 )CI
to the (D1 /D0 )CI . This pathway ultimately results in
Al-O bond dissociation in DMNA-Al complex, rendering D0,Min2 geometry on the ground electronic state
surface. The Al-O bond dissociation channel is predicted to be purely electronically non-adiabatic process, as this pathway involves a number of conical
intersections or crossing of electronically excited state
surfaces.
The D0,Min2 is an important intermediate in the overall
decomposition reaction of DMNA-Al following electronic excitation. This intermediate is rendered after
DMNA-Al complex comes back to the ground state
through the (D1 /D0 )CI (undergoing Al-O bond dissociation). Subsequent N-N bond dissociation channel can be
opened up on the ground state PES, which finally results
in exothermic nitro-nitrite isomerization. The CASSCF
level of theory predicts that the nitrite form (D0,Min3 ) of
DMNA-Al complex is stabilized by 1.82 e.V(MP2 estimates 0.86 eV) with respect to the D0,Min1 (FC). Similar
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Figure 6. Energy profile diagrams obtained during optimization, computed at the
CASSCF(13,11)/6-31G(d): (a) from D2,FC and D1,FC to (D2 /D1 )CI ; (b) from D1,FC and D0,FC
to (D1 /D0 )CI . Potential energy surface scans along (c) N1-N2 bond distance from D0,Min2 ,
and along (d) Al1-O1 bond distance (NO2 elimination) and (e)O1-N2 bond distance (NO
elimination) from D0,Min3 on the ground state potential energy surface.

nitro-nitrite isomerization was found to be endothermic
process for isolated DMNA.8a Consequential decomposition of D0,Min3 can lead to either the NO or the NO2
elimination. However, both the CASSCF and the MP2
levels of theory predict that the NO elimination is associated with the lowest energy barrier (1.08 and 0.56 eV
with respect to D0,Min3 , predicted at the CASSCF
and MP2 levels, respectively). Therefore, the overall
non-adiabatic decomposition scheme (as also illustrated

in Figure 7) for DMNA-Al from the D2,FC is as
follows:
DMNA-Al, (D2,FC ) → (D2 /D1 )CI → (D1 /D0 )CI
→ DMNA-Al(D0,Min2 ) → TS
→ nitrite(D0,Min3 ) → NO
Another possible decomposition pathway, predicted
at the CASSCF level of theory, can start from the FC

78

Anupam Bera and Atanu Bhattacharya
Table 2. Relative energies (in eV) of different critical points on the
D0 ground potential energy surface, calculated with respect to the
D0,Min1 for DMNA-Al complex, as computed at MP2/6-31G(d) and
CASSCF(13,11)/6-31G(d) level of theory.

Geometry

Level of theory
MP2/6-31G(d)

CASSCF(13,11)/6-31G(d)

D0,Min2
D0,Min3
TS
NO Elimination
NO2 Elimination

0.91
−0.86
1.43
−0.30
1.01

0.43
−1.82
1.37
−0.74
1.89

point on the D1 surface and follow the (D1 /D0 )CI point.
After coming to the ground state following this pathway, DMNA-Al complex, can pursue the same decomposition channel discussed above.
In the present context, it would be interesting to
compare the electronically excited state decomposition
behaviour of DMNA-Al with that of isolated DMNA.
A schematic energy profile diagram of the electronic
PESs (S, S1 , and S2 ) of isolated DMNA, computed at
the CASSCF(14,11)/6-31G(d), is plotted in figure 8,
for comparison. Isolated DMNA exhibits that vertical excitation to the FC point of the S2 state can

potentially lead the molecule to undergo a non-adiabatic
nitro-nitrite isomerization through the (S2 /S1 )CI conical intersection. After crossing the (S2 /S1 )CI , DMNA
can isomerize to nitrite form on the S1 excited
state surface. Another possible decomposition pathway
from the FC point of the S2 surface would be nonadiabatic deactivation of the molecule to the S1 surface
through the (S2 /S1 )X conical intersection, followed by
another surface crossing through the (S1 /S)CI conical intersection. This pathway can finally result in
nitro-nitrite isomerization on the S surface. Overall isomerization process, either on the excited state

Figure 7. One dimensional plot of the multidimensional electronic potential
energy surfaces of DMNA-Al complex, computed at the CASSCF(13,11)/631G(d) level of theory.
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Figure 8. One dimensional plot of the multidimensional electronic potential
energy surfaces of DMNA, as computed at the CASSCF(14,11)/6-31G(d) level
of theory.

surface or on ground state surface, for DMNA is predicted to be an endothermic reaction, as opposed to
the exothermic nitro-nitrite isomerization of DMNA-Al
complex.

3.2 DMNA-Al2
Excited electronic state potential energy surfaces of
DMNA-Al2 are explored at the RASSCF level of

Figure 9. Geometries of DMNA-Al2 at different critical points on the excited as
well as ground state potential energy surfaces, as calculated at the CASSCF(18,15,
RASSCF(1,4,1,4))/6-31G(d) level of theory.
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Table 3. Relative energies (in eV) of different critical
points, calculated with respect to the S0,Min1 forDMNA-Al2
complex, as computed at CASSCF(18,15,RASSCF(1,4,
1,4))//6-31G(d).
State/CI

E(eV)

S1,FC
S2,FC
(S2 /S1 )CI
(S1 /s0 )CI
S0,Min2
S0,Min3
TS
NO-elimination
NO2 -elimination

4.19
6.40
3.60
2.01
1.1
−2.14
2.89
−1.48
3.80

theory. However, to reduce the computational time, we
have optimized critical points using STO-3G basis set
and then recalculated the energy using 6-31G(d) basis
set. The ground state optimized geometry (S0,min1 ) of
DMNA-Al2 is depicted in figure 9, in which DMNA
molecule is placed at one end of the Al2 dimer. The
Al-Al bond distance is estimated to be 2.46 Å at
the CASSCF(18,15,RASSCF(1,4,1,4))//6-31G(d) level
of theory. The NNOO dihedral angle is calculated
to be 97◦ , which indicates that both DMNA-Al and
DMNA-Al2 features non-planar NNO2 moiety in presence of Al atoms.

The vertical excitation energies for DMNA-Al2 ,
computed at the CASSCF(18,15,RASSCF(1,4,1,4))//631G(d) FC geometry, are listed in table 3, which shows
that two lowest lying excited electronic states (S1,FC
and S2,FC ) for DMNA-Al2 possess vertical excitation
energies of 4.19 and 6.4 eV, respectively. Therefore, the
S1,FC excitation energies of DMNA-Al and DMNAAl2 do not change significantly. However, the S2,FC
excitation energies for DMNA-Al And DMNA-Al2 are
significantly different. The S1,FC and S2,FC points for
DMNA-Al2 correspond to the electronic excitation from
∗
∗
(σNNOO +σOAlO +σNO ) to (3pAl + σAlAl
+σOAlO
) and from
∗
), respec(σNNOO + σOAlO + nσO ,nσAl ) to (3pAl + σOAlO
tively. This determination of excited electronic state
character for the S1 and S2 states of DMNA-Al2 suggests that electronic excitation in DMNA-Al2 mostly
actives σOAlO bond.
The PESs of DMNA-Al2 are made up of several
critical points, such as (S2 /S1 )CI , (S1 /S0 )CI , TS, S0,Min2 ,
and S0,Min3 . Their structures are optimized at the
CASSCF(18,15,RASSCF(1,4,1,4))//6-31G(d) level of
theory and are illustrated in figure 9. The relative energies of different critical points with respect to the
S0,Min1 is given in table 3. Similar to DMNA-Al, the
optimized geometries of DMNA-Al2 at the (S1 /S0 )CI
and (S1 /S0 )CI conical intersections suggest that Al-O
bond dissociation is the initial step in the excited electronic state decomposition of DMNA-Al2 . A schematic

Figure 10. One dimensional plot of the multidimensional electronic potential energy
surfaces of DMNA-Al2 complex, computed at the CASSCF(18,15,RASSCF(1,4,
1,4))//6-31G(d) level of theory.
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one-dimensional plot of the multi-dimensional singlet
potential energy surfaces of DMNA-Al2 is depicted in
figure 10. After vertical excitation to the S2,FC point,
the complex can undergo a barrier-less downhill nonadiabatic transition from the S2 PES to the S1 PES via
the (S2 /S1 )CI . Then the complex can experience another
non-adiabatic transition from the S1 PES to the S0 PES
via the (S1 /S0 )CI , which can finally results in formation
of S0,min2 . The pathways from the S2 and S1 potential
energy surfaces to the S0 potential surface have been
calculated at the CASSCF(18,15,RASSCF(1,4,1,4))//631G(d)level, which are depicted in figure 11a and b. The
pathway connecting the S2,FC point and the (S2 /S1 )CI
and finally the (S1 /S0 )CI supports an Al-O bond dissociation as the initial step in the excited electronic
state decomposition of DMNA-Al2 . Subsequent N-N
bond dissociation channel on the ground state potential
energy surface of DMNA-Al2 possesses an activation
energy barrier of 1.79 eV. The nitrite isomerized
(S0,min3 ) geometry of DMNA-Al2 is also found to
be extremely stable, similar to that of DMNA-Al.
The activation barrier of consequential NO elimination is estimated to be 0.66 eV, while 5.94 eV is
found for the NO2 elimination pathway with respect
to the S0,min3 . Thus, the overall excited electronic
state decomposition mechanism for DMNA-Al2 system along the NO elimination pathway is also found
to be exothermic in nature, similar to DMNA-Al system. The non-adiabatic decomposition scheme (as also
illustrated in figure 10) for DMNA-Al2 can be written
as:
DMNA − Al2 (S2,FC ) → (S2 /S1 )CI → (S1 /S0 )CI
→ DMNA − Al2 (S0,Min2 )
→ TS2 → nitrite(S0,Min3 ) → NO

(a)
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4. Conclusions
In the present article, we have addressed, for the first
time, the electronically non-adiabatic decomposition
behaviour of model nitramine metalized energetic systems: DMNA-Al and DMNA-Al2 clusters. The excited
electronic state decomposition pathways for DMNA-Al
were explored at the CASSCF(13,11)/6-31G(d) level
of theory and that of DMNA-Al2 was investigated at
the CASSCF(18,15,RASSCF(1,4,1,4))//6-31G(d) level
of theory. We have compared these results with that of
isolated DMNA in order to understand the role of Al
atom in the overall electronically non-adiabatic decomposition mechanisms of metalized nitramine energetic
systems.
The electronic potential energy surfaces (D0 , D1 , and
D2 ) for DMNA-Al and that (S0 , S1 , and S2 ) for DMNAAl2 are found to be highly coupled, yielding various
conical intersections between two electronic potential
energy surfaces. This offers these complexes a direct
minimum energy non-adiabatic pathway from the upper
electronic to the lower ground states. The final decomposition product for DMNA-Aln clusters is predicted to
be nitric oxide (NO). The overall pathway to yield NO
product, however, involves many steps. First, Al-O bond
dissociation; then, N-N bond dissociation followed by
nitro-nitrite isomerization, and finally, NO elimination.
Previous theoretical results suggest that isolated DMNA
can follow similar nitro-nitrite isomerization pathway
both on the excited as well as on the ground electronic surfaces. However, overall nitro-nitrite isomerization is found to be endothermic reaction for isolated
DMNA, whereas, DMNA-Al and DMNA-Al2 clearly
exhibit overall exothermic nitro-nitrite isomerization.
Therefore, the decomposition behaviour of nitramine

(b)

Figure 11. Energy profile diagrams obtained during optimization, computed at the
CASSCF(18,15,RASSCF(1,4,1,4))//6-31G(d): (a) from S2,FC and S1,FC to (S2 /S1 )CI ; (b) from
S1,FC and S0,FC to (S1 /S0 )CI .
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energetic moiety is predicted to be controlled by Al
atoms. Similar behaviour can be anticipated for more
complex metalized nitramine energetic materials.
Our next focus is to perform two-pulse correlation spectroscopy to decipher femtosecond dynamics
of decomposition of DMNA-Aln system. Furthermore,
temperature dependent study of the excited electronic
state decomposition of DMNA-Al system will be also
undertaken.
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