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Abstract Symmetry-adapted-cluster configuration interac-
tion (SAC-CI) wave functions were employed to compute
16 singlet and 13 triplet vertical transitions, and 14 ionized
states including relative intensities of the nitramide mole-
cule, HoNNO,. This molecule is the simplest neutral closed-
shell molecule which has an N-NO, bond and is a member
of the nitramine family, R,R'N(NO,), an important class of
energetic materials with practical applications. The present
nitramide results showed strong similarities with the ones
of the N, N-dimethylnitramine molecule, which has also an
N-NO; bond and was previously studied using the SAC-CI
method. Experimental ultraviolet and photoelectron band
spectra of the nitramide molecule could be successfully
assigned. All the singlet transitions have valence character.
The computed singlet and triplet transitions, excepting a sin-
glet one, result from excitation originating in the four highest
occupied molecular orbitals, which have close energies. Most
of the singlet and triplet transitions involved mixing of singly
excited configurations. The strongest computed transition, at
6.8V, is a mixture of two nmNo2 — 7™ configurations cor-
responding to excitations from the highest occupied molec-
ular orbital (HOMO) to the first two virtual orbitals and has
an optical oscillator strength value of 0.2665. The computed
ionized states described the whole measured spectrum, have
excellent agreement when compared with the measured ion-
ization potentials and revealed an inversion of the ordering
of the first states not expected according to Koopmanns’ the-
orem, thereby showing the limitations of the latter.
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1 Introduction

Several molecules containing the NO, group are essential
ingredients in many propellants and explosives, which are
known as energetic materials. These molecules also present
significant biological activity and contribute to the
atmospheric pollution [1]. Photochemical processes are
important in these systems. Because most nitro-containing
compounds have diffuse electronic spectra and tendency to
dissociation [2], theoretical investigations about their elec-
tronic excited states may be especially important. In partic-
ular, nitramines, which general formula is R,R'N(NO,), are
one of the most common classes of high-technology ener-
getic materials [3]. They are currently used as military explo-
sives, propellants and fuels. Therefore, theoretical studies
can, besides the intrinsic interest in molecular properties,
provide important answers to relevant practical questions.

Investigations on gas-phase energetic materials reveal
their properties and reactions at the molecular level, and
determine the decomposition features as a function of the
electronic and vibrational excitations [4]. In particular, the
decomposition of energetic materials from their excited elec-
tronic states plays an important role in the detonation initi-
ation of these materials [5,6]. As nitro compounds possess
strong absorption in the UV region, the detailed knowledge
of the molecular electronic excited states can also assist the
design of nitro organic explosives detectors [7]. Despite the
importance of excited states in energetic materials research,
only few studies of them have been carried out [3].
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Nitramide (H,NNOy) is the simplest closed-shell neutral
molecule which has an N-NO; bond and the simplest mem-
ber of the nitramine family. This molecule is also a model
of the largely used energetic materials RDX (hexahydro-1,3,
5-trinitro-s-triazine) and HMX (1,3,5,7-tetranitro-1,3,5,
7-tetraazacyclooctane) [8], which are also members of the
nitramines class of molecules. Previous nitramide UV
absorption spectra were obtained in the crystal, solution and
gas phase [9-11]. The gas-phase UV spectrum shows a mod-
erate band centered around 6.3eV while the solution spec-
trum has additionally two weak shoulders below 5eV. On
the theoretical side, there are some old semi-empirical cal-
culations of the nitramide molecule [2,9—-11]. Two of these
studies conclude that the moderate band is due to the over-
lap of two bands, but of different character. Nagakura [11]
stated that the band is an intra-NO; (7 — 7*) transition
and a charge transfer between a donor (NH») and an accep-
tor (NO,) while Stals et al. [10] established it as mixture
of o — m and 1 — n* configurations. The semiempiri-
cal work of Harris [2] computed a 7 — 7* transition for
the moderate band. Recently, Soto et al. [8] reported ab ini-
tio complete active space self-consistent field followed by
multistate second-order perturbation theory (MS-CASPT2)
calculations of the first four singlet and the first three excited
states. They interpreted the gas UV absorption spectrum of
nitramide as the overlap of two bands of moderate inten-
sity, centered at 6.46eV (nmr — ”;102) and 6.53eV (nm —
7%0y)- They have also computed two more singlet excita-
tions and three triplet excitations.

Attina et al. [1] recorded the photoelectron spectra (PE)
of nitramide. The PE show that two broad bands and spectral
features due to its decomposition products, N,O and H»O,
are also present in the same spectral region. Below 13eV,
there are two bands centered at 11.28 and 11.69eV. The two
broad bands are separated by about 2eV. We are unaware
of any theoretical works on the ionization spectrum of the
nitramide molecule.

In this work, we used the symmetry-adapted-cluster con-
figuration interaction (SAC-CI) wavefunctions [12—15] to
compute 16 singlet and 13 triplet transitions, and 14 ionized
states. Vibronic effects [16] were not included. Our results
were compared with previous theoretical and experimental
results.

2 Computational details

Several singlet, triplet and ionized transitions of the nitramide
molecule were computed. Vertical oscillator strengths for the
singlet transitions were obtained. The ionization cross sec-
tions were calculated in the monopole approximation [17,
18]. This approximation allows the estimation of the rel-
ative intensity of the peaks. In calculating the monopole
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intensity, the correlated SAC wavefunction was used for the
ground state. This approach allowed the inclusion of both
initial- and final-state correlation effects. We used the Dun-
ning/Huzinaga valence double-zeta [19] D95V+(d.p)
Gaussian basis set with diffuse and d polarization functions
on the heavy atoms, and p functions on the hydrogen atoms.
This basis set produced 86 molecular orbitals.

Geometry was optimized through the DFT [20]-B3LYP
[21]/aug-cc-pVTZ [22] method without symmetry constr-
aints. The geometry converged to Cs symmetry, which agrees
with previous studies [23]. Vibrational calculations were
done to check on the minimum character of the optimized
structure. The optimized geometry, shown in Fig. 1, was used
throughout the SAC-CI ground and excited states calcula-
tions.

The symmetry-adapted-cluster (SAC) [13]/configuration
interaction (CI) [12,14,15] wavefunction was used for the
excited state calculations. The SAC-CI wavefunction is based
on a cluster expansion of a CI calculation carried out over
selected configurations. In this approach, all singly excited
configurations are included without selection and the most
important doubly excited configurations are treated through
linked operators, while triply and quadruply excited configu-
rations, generated by the products of previous single and dou-
ble excitations, are treated through unlinked operators. The
doubly excited configuration operators for the ground and
excited states are selected according to perturbation thresh-
old coefficients. Applications of the SAC-CI wavefunctions
to a variety of molecular systems are available in the literature
[24,25].

For the calculation of the SAC (ground state) and the
SAC-CI (excited states) wavefunctions, all the orbitals were
correlated. The active space comprised the full set of 16
occupied orbitals and 70 virtual orbitals. All the singly and
selected doubly excited configurations were included in the
wavefunction. A perturbation selection scheme was used
to select the important doubly excited configurations. The

ZONO=127.17°
ZHNH=117.08"
dih ONNH=156.97°

1.01A

9

Fig. 1 The converged DFT-B3LYP//aug-cc-VTZ geometry for the
nitramide molecule
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energy thresholds for the perturbation selection procedure,
known as level three scheme, were 1.0 x 10~ and 1.0 x 107
a.u. for the ground and excited states, respectively. The oscil-
lator strength calculated in this work employed the dipole
representation [26,27]. The Gaussian 03 program [28] was
applied to DFT optimization and the SAC/SAC-CI calcula-
tions.

3 Results and discussion
3.1 Singlet states and electronic excitation spectrum

The nitramide ground state has ' A’ symmetry. This molecule
has 32 electrons distributed in the following doubly occupied
SCEF orbitals, shown in increased energy order:

1a” 2a’ 3a’ 4a’ 52’ 6a” 7a’ 8a’ 9a” 104’ 11a’ 12a” 134" 14a”
154’ 16a”

Table 1 identifies the character and energies of the molecular
orbitals involved in the studied transitions. The whole com-
puted vertical excitation spectrum is shown in Fig.2. The
four highest occupied orbitals have close energies (Table 1)
and, for this reason, the calculated transitions, excepting one,
entails configurations with excitations from them. The excep-
tion is the 1'A” — 8! A” transition, corresponding to exci-
tation from the fifth occupied orbital, which is separated
from this group of four orbitals by at least 4.7¢eV. The five
highest orbitals have the following character (the number
represents the molecular orbital number): 12 (), 13 (o),
14 (), 15 (0), and 16 (ntNo2). We have seen an identical

Table 1 The SCF/D95V+(d,p) main valence molecular orbitals (MOs)
of nitramide

MO Nature Orbital energy (eV)
12 b4 —19.21
13 o —14.50
14 b4 —13.74
15 o —13.48
16 (HOMO) naNo2® —12.88
17 (LUMO) T* 2.08
18 T* 2.38
19 o* 3.45
20 ¥ 3.64
21 T* 4.47
22 T* 4.75
23 ¥ 5.60
24 o* 5.83

2 Lone pair type orbital localized in the NO, group
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Fig. 2 Computed SAC-CI electronic spectra in the 4.7-11¢eV excita-
tion energy interval

situation in SAC-CI calculations of the similar molecule
N, N-dimethylnitramine, (CH3);NNO>, namely: (a) the
proximity in energy of four highest occupied energies origi-
nates the valence transitions; and (b) the computed transitions
involved mixing of singly excited configurations [6].

The calculated nitramide singlet transitions have valence
character. This property was verified by comparing the com-
puted second moment values (r?) (not shown) of the ground
and excited states.

Table?2 collects the SAC-CI computed vertical singlet
transitions from the 1'A’ ground state. The gas-phase UV
spectrum of nitramide [11] shows a moderate band centered
around 6.3eV and the solution spectrum has additionally
two weak shoulders below 5eV. Our results for the band
at 6.3eV correspond to the overlap of two transitions. The
first one, at 6.8eV, 1!A’ — 2!A”, which is a mixture of
two nNo2 — 7 configurations with excitations from the
HOMO (highest occupied molecular orbital) to the first
two virtual orbitals, has an optical oscillator strength
value of 0.2665. The strongest transition in the N,
N-dimethylnitramine molecule is also a mixture of niNo2 —
7r* configurations [6]. In both molecules, this result, in agree-
ment with experimental results which indicate the labile char-
acter of the NO; group [3], points to the predominance of
an N-NO; scission dissociation process. The second transi-
tion, 1'A” — 3'A’, with a transition energy of 7.15¢eV, is
a mixture of three 0 — 7* excitations and has 0.1450 as
oscillator strength. The MS-CASPT2 results of Soto et al.
[8] also pointed to the same two transitions for this band,
namely, to the 2'A” and 3' A’ states, but with some dif-
ferences when compared with ours. Both their transitions
have lower computed transitions energies when compared
with our values, with a difference of 5% (2'A”) and 9% (3!
A’), a rather good agreement. Their oscillator strengths are
also lower than ours, but now with larger differences: 36%
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Table 2 SAC-CI computed singlet excited states of nitramide

State Main configurations (|C| > 0.30) Excitation energy (eV) Oscillator strength
1ta” —0.56 (14-18) — 0.56 (14-17) 4.74 (4.50) 0.0 (1.7 x 107°)
21A —0.62 (13-18) + 0.48 (13-17) — 0.39 (15-18) + 0.30 (15-17) 5.62 (5.11) 0.0038 (0.0049)
2L A7 —0.70 (16-18) + 0.58 (16-17) 6.80 (6.46) 0.2665 (0.1851)
3lA 0.57 (15-17) — 0.55 (15-18) + 0.43 (13-18) 7.15 (6.52) 0.1450 (0.1087)
4la 0.68 (15-17) + 0.62 (15-18) 8.32 0.0522

3l A 0.70 (14-17) — 0.50 (14-18) — 0.34 (14-19) 8.49 0.0044

41 A7 0.67 (16-17) + 0.54 (16-18) 4 0.35 (16-19) 8.65 0.0017

stA —0.69 (13-17) — 0.44 (13-18) — 0.32 (13-19) 9.36 0.1013

51 A7 0.89 (15-20) 9.91 0.0004

6'A’ —0.69 (15-19) 4 0.45 (15-24) 10.00 0.0435

6! A" —0.84 (14-19) 10.17 0.0538

A —0.85 (14-20) 10.46 0.0001

8lA 0.47 (15-19) 4+ 0.42 (13-19) + 0.31 (15-24) 10.77 0.0026

7' A7 —0.80 (14-21) 10.89 0.0000

8l A —0.63 (12-18) + 0.47 (12-17) 10.98 0.0036

9l A 0.67 (15-21) — 0.51 (13-19) 11.00 0.0258

The label (M—N) indicates the configuration due to excitation from molecular orbital (MO) M to (MO) N. Excitation energies presented in electron
volts (eV). The excitation energies and the oscillator strengths values between parentheses are the MS-CASPT?2 values computed by Soto et al. [8].

The total SAC 1' A’ ground state energy equals —260.292157 hartrees

(2'A”)and 29% (3' A’). The MS-CASPT?2 character for both
transitions are nw — 7™ singly excited configurations, orig-
inating from different lone pair orbitals, while our results
mixed nmNo» — 7* excited configurations for the 2! A”
transition and 0 — 7* excited ones for the 3! A’ transition.

We assign the weak shoulder appearing in the solution
spectrum to the 1'A’ — 2! A’ transition, which is a mixture
of four o — 7™ configurations, with a transition energy of
5.62eV and an oscillator strength of 0.0039. Soto et al. [8]
reached a similar result: one transition, corresponding to a
single 0 — 7* configuration with a transition energy 10%
lower than ours and a 25% higher oscillator strength value.

Considering the quite different nature of the wavefunc-
tions employed by Soto et al. [8] and by us, the MS-CASPT2
and SAC-CI wavefunctions [29], respectively, the compari-
son between both sets of results is quite good.

The other 12 calculated singlet transitions, not computed
or measured before, are described in Table 2 and shown in
Fig. 2. For transition energies greater than 7.15eV, it can
be seen (Fig. 2) that five transitions have appreciable optical
oscillator strength values, comparable with the two transi-
tions that comprise the first band. The two most intense tran-
sitions of this group, which are to the 4' A’ state at 8.32eV
and to the 5'A’state at 9.36¢V, are dominated by mr — m*
configurations. Of the remaining three, in order of increasing
transition energy, one (1' A’ — 6! A’)is amixtureof o — o*
configurations, the other (1'A” — 6'A”)isam — o* singly
excited configuration and the last one (I'A” — 9! A') is
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a mixture of 0 — 7* and 0 — o™ configurations. It is
worth to mention that previous SAC-CI calculations of the
N, N-dimethylnitramine excited states [6], a molecule also
containing an NO» group, have as before similarities with the
present nitramine results, namely, the most intense transition
is a mixture of nmno2 — 7* excited configurations and
the other intense transition involves 0 — n* and 7 — 7*
excited configurations.

3.2 Triplet states

Thirteen triplet states, and the corresponding transition ener-
gies referred to the singlet ground state, were calculated and
are shown in Table 3. All the computed transitions are excita-
tions from the four highest excited energy molecular orbitals,
which have close energies. This overall pattern of dominant
excitations, mostly involving more than one singly excited
configuration, is similar to the singlet transitions, and to the
previously computed SAC-CI triplet manifold of the similar
molecule N, N-dimethylnitramine [6].

The first triplet state, the 13A” at 4.24 eV, is a mixture of
two nNo2 — 7* configurations. Soto et al. [8] computed
a MS-CASPT?2 excitation energy of 4.29eV and the same
character. They have obtained the second triplet state (23A”),
with 4.32 eV excitation energy, and also 7 — 7™ character,
while we calculated it as 4.52eV and a mixture of 7 —
7* excitations. Their last computed triplet state 13A’ had an
excitation energy of 4.94eV when compared with our value
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Table 3 Computed triplet excited states of nitramide using the SAC-CI wavefunction

State Main configurations (|C| > 0.30) Excitation energy (eV)
13A” —0.74 (16-18) + 0.55 (16-17) 4.24 (4.29)
23N 0.74 (14-18) — 0.56 (14-17) 4.52 (4.32)
1PA/ 0.58 (13-18) 4 0.47 (15-18) — 0.43 (13-17) — 0.35 (15-17) 5.37 (4.94)
2N 0.53 (15-18) — 0.48 (15-17) — 0.45 (13-18) + 0.37 (13-17) 6.37

3¥A 0.70 (15-17) + 0.57 (15-18) 7.91

33A” 0.68 (14-17) 4+ 0.48 (14-18) + 0.36 (14-19) 8.40

4377 —0.68 (16-17) — 0.47 (16-18) — 0.39 (16-19) 8.55

43N —0.67 (13-17) — 0.50 (13-18) 9.17

53A 0.52 (15-24) — 0.50 (15-19) + 0.33 (15-32) 9.41

53 A7 —0.86 (15-20) — 0.31 (15-22) 9.86

63A” 0.84 (14-19) 9.98

A —0.82 (16-19) 10.11

6OA 0.87 (16-20) 10.32

The excitation energies refer to the singlet ground state. The label (M—N) indicates the configuration due to excitation from MO M to MO N. The
excitation energies between parentheses are MS-CASPT?2 values computed by Soto et al. [8]

of 5.37eV and the same 0 — 7* character. Our next state
(23A’)at6.37eV isamixture of o — 7* configurations. The
obtained nine remaining states are separated from the first
four by at least 1.5¢eV, have very close energies and o — 7%,
T — 7% naNo2 — oF and o — o* character. Therefore,
the triplet manifold can be considered as divided into two
sub-manifolds. The N, N-dimethylnitramine molecule [6]
has also a similar division of the triplet manifold, transition
energies and overall excitation character.

3.3 ITonized states

We calculated 14 ionized states of the nitramide molecule,
including the relative peak intensities in the monopole
approximation. Our results and the experimental ionization
energies [1] are shown in Table 4.

The first eight ionized states are dominated by singly ion-
ized configurations. There is another ionized state dominated
by a single ionization (6>A’), and it is interesting to note that

Table 4 Computed SAC-CI ionization potentials (IP) in eV, monopole intensities and main configurations of the ionized states of nitramide

Symmetry  IP IP (exp)® Intensity — Main configurations

1277 11.39  11.28 0.912 0.95 (14a”)~!

22A" 11.64  11.69 0.918 0.96 (16a”) !

12A 11.81 11.75 0.922 —0.91 (152"~

22A 1242 1247 0.916 —0.91 (132")~!

3277 17.14  17.23 0.917 0.93 (12a”)"!

324’ 18.29 18.33 0.810 0.89 (11a")~!

42N 19.15 19.58 0.875 —0.92 (92”)!

427" 19.78 0.928 0.93 (92")~!

52A’ 21.11 0.00248 0.53 (142”)~1(162”)~1(182")! 4 0.48 (13a")~'(15a") =1 (17a")" + 0.39 (14a”)~2(18a")!

52A" 21.94 0.0114 0.71 (152")~1(16a”)~1(18a")! —0.53 (152")~ ' (16a”) =1 (17a")! +0.33 (152") "1 (16a")~ ! (18a)!
6%A’ 22.74 0.814 0.89 (8a’)~1

62A" 22.90 0.00371 0.60 (14a”)~1(15a") ! (18a)! 4+ 0.46 (14a”)~ 1 (152") "1 (17a")!

72A 24.00 0.06579 0.53 (132)~1(15a")~1(18a")! — 0.43 (13a’)~! (152)~1 (172)!

82A/ 24.58 0.00329  —0.56 (132")~'(152) 1 (18a’)! +0.42 (14a”)~'(162”)~ ' (182")! +0.40 (13a")~ ' (152) ' (17a")!

Also shown are the measured ionization potentials—IP (exp)
4 Attina et al. [1]
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the nine states have considerable intensities in the computed
spectrum and describe the experimental spectra. In particular,
there is an inversion in the ordering of the first three ion-
ized states, when compared with the expected order accord-
ing to Koopmanns’ theorem. The first two SAC-CI ionized
states correspond to electron removals from the w7 (MO 14)
and nano2 (MO 16 — HOMO) orbitals, respectively. The
third ionized state is the removal of an electron from the
o orbital (MO 15). A similar inversion, which also involves
the first three ionized states, is also present in the previous
N, N-dimethylnitramide molecule results [6].

Considering the first five ionized states, the present
SAC-CI results (Table4) and the ones from the SCF energy
values according to Koopmanns’ theorem (Table 1), there
are considerable differences. In the most favorable case (the
12A” state) the difference is over 1.4 eV, thereby showing the
limitation of Koopmanns’ theorem for the nitramide mole-
cule even for the first ionized state, since the SAC-CI
values are considerably more accurate. This accuracy of the

Fig. 3 Experimental (above)
[1] and theoretical SAC-CI
ionization spectra. In the
experimental spectrum (fop
panel), the peaks marked with a
bullet come from N,O and H,O
impurities. The peaks @ and B
correspond to He
self-ionizations induced by He II
B and y satellites, respectively

SAC-CI results are seen when we compare the computed
ionized potential values and the experimental results. The
experimental ionization potentials (IP) [1] showed in Table 4
have very good agreement with our results. This behavior is
also present in the SAC-CI N, N-dimethylnitramide results
[6]. For the nitramide molecule, the worst agreement is for
the 4%A’ state, which differs by 0.43eV from the experi-
mental value. The remaining calculated states have differ-
ences lower than 0.1eV when compared with measured
data.

The measured nitramide ionization spectrum [1], shown
in Fig.3 along with the present SAC-CI results, is detailed
in Table 4. Features a, b and ¢, which comprise the two first
bands, are described by the first four computed ionized states
(12A7, 22A”, 12A/, and 22A’). The first two states remove
electrons from 7 orbitals and the last two, of this group of
four, from o orbitals. In particular, the peak a is described by
the first calculated ionized state, the b peak by the following
two ionized states while the thin peak ¢ corresponds to the
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last (22A’) of this group of states. Their relative intensities
resemble the experimental peaks.

After the first four computed states, there is a gap of about
5eV both in the experimental and the theoretical spectra.
The next experimental features in the nitramide photoelec-
tron spectra, according to Attina et al. [1], are marked by the
d, e and fletters (Fig. 3, top panel). The peaks d and e are only
related to one calculated state, the 32A” ionized state, which
is described by the removal of an electron from a 7 orbital.
Therefore, the experimental d and e features are actually only
one. The feature f, a kind of band shoulder, corresponds to
three ionized states: 32A’, 42A’ and 42A”. The feature h,
present only in the He II spectrum (on the top of Fig.3), is
described by the 62A’ ionized state, although the contribu-
tion from the 72A’ cannot be disregarded. It is worth to note
that the overall shape intensity of both spectra is theoretically
well described, although this agreement is superior when the
SAC-CI results are compared with the He II spectrum at the
top of Fig. 3. Other ionized states, involving heavy mixing of
ionized configurations, were calculated (Table4), but have
very low intensities.

4 Conclusions

We computed 16 singlet and 13 triplet transitions vertical
transitions employing the SAC-CI wavefunctions of the
nitramide molecule, H)NNQO,. Most of these transitions
involved configuration mixing of singly excited configura-
tions. Fourteen ionized states, including relative intensities,
were obtained. The nitramide results showed strongest sim-
ilarities with the N, N-dimethylnitramine molecule, which
has also an N-NO; bond, and was previously calculated with
the same wavefunctions. The character of the nitramide tran-
sitions was theoretically established. The present results were
compared with recent MS-CASPT?2 calculations of the first
four singlet and first three triplet transitions. In the worst case
for a singlet transition, the difference between our optical
oscillator strength value and the MS-CASPT2 one was 36%
for the strongest transition. Agreement of our results with
the corresponding MS-CASPT?2 singlet and triplet transition
energies is quite good, and the character of most of the com-
puted transitions with the SAC-CI and MS-CAPT?2 methods
isidentical, although the latter only reports one singly excited
configuration for each transition while SAC-ClI results entails
mixture of singly excited ones.

The strongest computed transition at 6.8eV has 0.2665
as oscillator strength and is a mixture of two nNoy — 7%
configurations with excitations from the highest occupied
molecular orbital (HOMO) to the first two virtual orbitals.
The only broad band present in the gas-phase UV spectrum
of nitramide was attributed to two transitions: one involv-
ing mixtures of nNo2 — 7™ configurations and the other

of 0 — m* configurations. The triplet transitions energies
could be divided into two sub-manifolds, with the first one
having energies close to the first triplet transitions. The com-
puted SAC-CI ionized states identified the available fea-
tures and relative intensities of the measured photoelectron
spectra, and even showed that two reported features actu-
ally correspond to only one ionized state. Our results have
revealed an inversion in the ordering of the first ionized states
which contradicts Koopmanns’ theorem. The reported sin-
glet, triple and ionized transitions for the nitramide mole-
cule presented several similarities with the previously studied
N, N-dimethylnitramide system.
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