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ABSTRACT: The RDX molecule, hexahydro-1,3,5-trinitro-1,3,5-triazine, is a key
component for several energetic materials, which have important practical applications
as explosives. A systematic study of the electronic excited states of RDX in gas phase
using time-dependent density functional theory (TDDFT), algebraic diagrammatic
construction through second order method [ADC (2)], and resolution of the identity
coupled-cluster singles and doubles method (RI-CC2) was carried out. Transition
energies and optical oscillator strengths were computed for a maximum of 40
transitions. RI-CC2 and ADC (2) predict a spectrum shaped by three intense m-7*
transitions, two with charge transfer and one with localized character. TDDFT fails in
the description of the charge transfer states. The low-energy band of the experimental
UV spectrum of RDX is assigned to the first charge transfer state. Two alternative
assignments of the high-energy band are proposed. =~ © 2009 Wiley Periodicals, Inc. Int J
Quantum Chem 109: 2348-2355, 2009
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Introduction

E nergetic materials are subject to complicated
physical-chemical processes because they
combine several phases, multiple reactions, and ex-
cited states [1]. Among these processes, electronic
excitation has been experimentally verified to play
an important role in the initiation of the detonation
of energetic materials [2]. In particular, gas phase
investigations of these materials may provide in-
sights on the properties and reactions at the molec-
ular level and allow for detailed studies with re-
spect to their decomposition, especially under
consideration of their excited states.

Energetic materials such as hexahydro-1,3,5-tri-
nitro-1,3,5-triazine, known as RDX, have important
practical applications ranging from automobile air
bags to rocket propellants. Gas-phase RDX is a
relatively stable molecule, which contains three
NO, groups and releases a large amount of energy
upon decomposition [3]. This molecule belongs to
the class of nitramines with general formula
RR'N(NO,). Like most of the compounds contain-
ing NO, groups, RDX has a diffuse electronic spec-
trum, a tendency to dissociation and shows a vari-
ety of associated photochemical phenomena [4]. In
particular, it is known that UV excitation markedly
reduces the power requirements for detonation of
secondary explosives [5]. Moreover, since nitro-or-
ganic compounds show strong ultraviolet (UV) ab-
sorption, the knowledge and understanding of their
electronic excitation spectrum can also help in the
design of explosive detectors. In particular, direct
detection of nitro-organic explosives can be
achieved through the coupling of gas-phase UV
absorption with gas chromatography techniques
[6].

Because of a wide range of practical applications,
RDX has been studied extensively both theoreti-
cally and experimentally [2, 7]. Solid and gas-phase
properties have been experimentally investigated
by means of mass spectroscopy, femtosecond
pump-probe spectroscopy [2], and measurements
of the UV spectrum [8]. Theoretical studies, on their
turn, have focused on ground states properties such
as energetic conformations [9], vibrational spectra
[10], and unimolecular dissociation [11]. Concern-
ing theoretical calculations on excited states of
RDX, we are aware of the semiempirical complete
neglect of differential overlap (CNDO) based work
of Orloff et al. [8] and the ab initio restricted con-
figuration interaction with single excitation (RCIS/
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6-31+G) investigation of Bernstein and coworkers
[2]. The former investigators computed the first six
RDX vertical singlet transitions, their character, and
oscillator strengths, whereas the latter aimed at the
geometry optimization of the first excited singlet
state but could only report the first excited state
transition energy. The CNDO results [8], obtained
in the 5.7-6.5 eV energy range, predicted the exis-
tence of two bands, both assigned to m—7* transi-
tions.

It is the purpose of this work to present calcula-
tions on the UV spectrum of RDX based on current
state-of-the-art methods available for molecules of
the size of RDX. These investigations should pro-
vide the first step into a better understanding of the
dissociation dynamics of RDX [2]. The methods
used include the approximate singles-and-doubles
approach using the resolution of the identity cou-
pled-cluster (RI-CC2) [12, 13], the algebraic dia-
grammatic construction through second order
method [ADC(2)] [14, 15], and the time-dependent
density functional theory (TDDFT) [16, 17]. In par-
ticular, because of its computational efficiency the
TDDFT method is very attractive but may be sub-
ject to various artifacts, such as those related to the
description of charge-transfer states [18]. The RI-
CC2 and the ADC(2) calculation have been addi-
tionally employed to assess the performance of TD-
DFT. Vertical transition energies and optical
oscillator strengths were computed for a maximum
of 40 transitions.

Computational Details

In the ground state, the RDX molecule possesses
C;, symmetry [19]. Two possible geometries known
as AAA and EEE structures have been found,
where an A represents an NO, group in the axial
position and an E in the equatorial position. The
AAA structure is shown in Figure 1. Since the low-
est energy and most probable experimental struc-
ture is the AAA form [9, 19], we optimized this
structure at the B3LYP/6-31G(d,p) level and using
a series of basis sets (split-valence polarized (SVP)
[20], triple-zeta valence polarized (TZVP) [21], TZ-
VPP [22], and TZVPP’) for the RI-CC2 approach.
The prime in TZVPP’ indicates that the f functions
were removed from the heavy atoms and the d
function from the hydrogen atoms. Frequency cal-
culations confirmed the minimum energy charac-
ter.
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FIGURE 1. Molecular structure of RDX. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

The RI-CC2, ADC(2), and TDDFT/B3LYP meth-
ods were employed for the calculation of vertical
excited states using the RI-CC2/TZVPP ground-
state geometry. The core orbitals (first nine a’ and
six a” orbitals) were frozen in the RI-CC2 and
ADC(2) calculations. The SVP and the TZVP basis
sets were used for all three methods. Polarization
effects were also tested by means of the TZVPP’
basis set. At TDDFT level only, the vertical excita-
tions were additionally computed with the TZVP

basis sets increased by a set of diffuse p functions
(TZVP+p) and with the aug-cc-pVTZ basis set [23].
The calculations were performed using the Turbo-
mole suite of programs employing C, symmetry.
Estimation of solvent effects on the transition ener-
gies were performed at the TDDFT/B3LYP level
with the PCM model [24]. The DFT calculations
were performed using the Gaussian03 [25, 26] pro-
gram. The TDDFT and RI-CC2 calculations were
performed with the Turbomole program) [27].

Results and Discussion

In Figure 1, the RDX structure is presented. Table
I shows selected geometric parameters computed
with the RI-CC2 method using the sequence of SVP,
TZVP, TZVPP’, and TZVPP basis sets and a com-
parison with results obtained with the B3LYP/6-
31G(d,p) method. B3LYP/6-31G(d) geometry opti-
mizations have been performed before by
Vladimiroff and Rice [9]. The present B3LYP/6-
31G(d,p) geometry data agree well with their find-
ing. It was the purpose of the present RI-CC2 cal-
culations using extended basis sets to establish first
of all a benchmark ground-state geometry for RDX.

Comparing bond distances in Table I, it is seen
that the N—N bond is most sensitive. Variations are
found at the RI-CC2 level using different basis sets
within the range of 0.02 A. It appears that the
inclusion of f functions is important. Interestingly,
the N—N bond distance computed with the TZVPP
basis comes close to the SVP result. The difference
to the B3LYP/6-31G(d,p) results is significant
amounting to 0.024 A for RI-CC2/TZVPP. Other

TABLE |

RDX geometrical parameters: B3LYP/6-31G(d,p) and RI-CC2 results the latter obtained with different basis
sets.

Geometrical

parameter B3LYP/6-31G(d,p) CC2/SVP CC2/TzVvP CC2/TZVPP’ CC2/TZVPP
C—N 1.460 1.453 1.458 1.458 1.454
N—N 1.422 1.440 1.464 1.458 1.446
N=0 1.222 1.230 1.237 1.237 1.232
C—H 1.086 1.094 1.085 1.083 1.084
NCN 112.7 113.1 114.7 114.4 114.0
CNN 117.4 116.5 115.3 115.3 115.8
ONO 127.0 127.8 128.0 127.9 127.9
HCN 109.7 109.6 109.6 109.5 109.5

Distances are given in A and angles in degrees (°).
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FIGURE 2. Orbital energy diagram of the most impor-
tant SCF/TZVP orbitals for RDX. The character of each
orbital is shown with the corresponding notation in Cj,
symmetry in parentheses.

relevant discrepancies are observed for the N=0O
distances with the B3LYP/6-31G(d,p) and RI-CC2/
TZPP methods (0.010 A) and for the N—H separa-
tion obtained with the RI-CC2/SVP and RI-CC2/
TZVPP approaches (0.012 A). The largest difference
between angles equals 1.6° for NCN using the
B3LYP/6-31G(d,p) and RI-CC2/TZVPP methods.
The remaining RDX distances and angles have
smaller differences. The RI-CC2/TZVPP geometry
was used for all the vertical calculations.

In Figure 2, the orbital energy diagram for the
SCF/TZVP molecular orbitals is given. The most
relevant orbitals in the present context have lone
pair character on the oxygen atoms (n), 7 character
mostly localized on the NO, moieties, and 7 char-
acter mostly localized in the ring nitrogen atoms
(g). These orbitals, computed at SCE/TZVP level,
are displayed in Figure 3. The B3LYP/TZVP orbit-
als are collected in the Supporting information for
comparison. The n and 7 orbitals are defined with
respect to the plane containing a NO, group. This
orbital pattern characterizing the valence transi-
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tions in RDX is typical of molecules having a NO,
group. A similar picture has been found in our
previous investigations on dimethylnitramine [28]
and nitramide [29]. Both molecules have an NO,
group, although for these systems the set of rele-
vant valence orbitals for the calculated transitions
includes more n orbitals than in the RDX molecule.
One of the n orbitals shows a strong mixing with a
o orbital along the NN bond. The excited states
discussed below can be characterized in terms of
single excitations from the nine valence orbitals into
the three 7* orbitals displayed in Figures 2 and 3.
This set of 12 orbitals is grouped into subsets of
three, with the orbitals within each group having a
pair of degenerate orbitals and the remaining one
being close in energy, which reflects the Cs, point
group symmetry. In particular, this pattern of the
highest occupied orbitals determines the appear-
ance of quasi-triply degenerate transitions, with the
degenerate pair naturally having the same optical
oscillator strengths and the remaining one in most
cases having quite different values.

Twenty vertical singlet transitions, 10 for each ir-
reducible representation in C; symmetry, were com-

=*{a,) LUMO n*(e) =*(e)

n (e) HOMO n (e) HOMO

% (e) T (e)

n(e) n(e) n{a,)

FIGURE 3. RDX SCF/TZVP molecular orbitals ordered
according to the orbital scheme given in Figure 2.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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TABLE Il

Basis set dependence of the RI-CC2, ADC(2), and
TDDFT(B3LYP) methods for selected electronic
transitions.

TABLE Il

Computed transition energies (AE) and oscillator
strengths (f) for RDX based on the RI-CC2/TZVPP’
and ADC(2)/TZVPP’ approaches.

AE (eV) RI-CC2/TZVPP’ ADC(2)/TZVPP’

Method Basis set TR-T N-mt -t State AE (eV) f State  AE (eV) f
RI-CC2 SVP 5.44 6.27 7.32 1A, 4.50 0.000 1A, 4.18 0.000
TZVP 527 6.04 6.98 1E 4.54 0.000 1E 4.22 0.000
TZVPP’ 524 6.01 6.97 2E 5.24 0.064 2E 5.02 0.026
ADC(2) SVP 6.24 517 6.79 1A, 5.36 0.025 1A, 5.06 0.014
TZVP 598 5.02 6.46 3E 5.63 0.041 3E 5.51 0.066
TZVPP’ 595 5.02 6.46 2A, 6.01 0.126 2A, 5.95 0.150
TDDFT (B3LYP) SVP 546 590 7.79 4E 6.59 0.000 2A, 6.09 0.000
TZVP 555 579 7.31 2A, 6.59 0.000 4E 6.46 0.611
TZVPP’ 532 580 7.30 3A, 6.78 0.000 5E 6.63 0.052
TZVP+p 458 538 6.90 5E 6.97 0.473 3A, 6.82 0.000
aug-cc-pVTZ 4.62 540 7.19 4A, 7.35 0.002 4A, 7.20 0.000
6E 7.35 0.006 6E 7.21 0.003
3A, 7.40 0.001 3A, 7.34 0.002
4A, 7.64 0.001 4A, 7.68 0.001

puted with the RI-CC2 and ADC(2) methods. Forty
transitions were calculated at the TDDFT(B3LYP)
level. A wide range of basis sets extending up to
TZVPP' quality was used for the three approaches.
First, the basis set effects on the RI-CC2, ADC(2), and
TDDEFT results are considered. Table II shows the
basis set dependence of the three methods for a set of
three transitions selected by their importance for the
composition of the RDX UV spectrum. The complete
set of electronic transitions computed with the differ-
ent basis set can be seen in the Tables of the Support-
ing information. As expected, the main effect is the
stabilization of the excited states when increasing the
basis set from the SVP to TZVP. Low-energy transi-
tions show smaller basis set dependence ranging in
the order of 0.1 eV, whereas higher energy transitions
are more sensitive to the basis set with energy
changes of up to 0.9 eV. The extension of polarization
functions when moving from TZVP to TZVPP’ affects
the results only to a small extent. In the case of TD-
DFT, the vertical excitation energies were computed
also with the TZVP+p and the aug-cc-pVTZ. For the
former, a quite significant stabilization of the m-7*
state was found. Overall, the TDDFT method seems
less sensitive to basis set effects than the other two
methods.

Complete RI-CC2, ADC(2), and TDDEFT results
for transition energies and optical oscillator
strengths computed with the TZVPP’ basis set are
given in Tables III and IV. In these Tables, the
transitions are given according to the C;, labeling.
For the three methods, the first excited state is the

dark 1A, state corresponding to an n-7* transition.
The first bright transition at RI-CC2 and TDDFT
levels leads into the 2E state, corresponding to the
charge transfer (CT) my-7* state. In this transition,
one electron located in the my orbital at the ring
nitrogen atoms is transferred to the 7 orbital at the
NO, group. The state has also contribution from a
onn-T configuration, which indicates that the ac-

TABLE IV

Computed transition energies (AE) and oscillator
strengths (f) for RDX based on the TDDFT(B3LYP)/
TZVPP' approach.

State AE (eV) f State  AE (V) f
1A, 4.64 0.000 7E 6.35 0.050
1E 4.64 0.002 8E 6.43 0.004
2E 5.32 0.077 9E 6.61 0.012
1A, 5.43 0.006 5A, 6.72 0.001
3E 5.54 0.000 10E 6.82 0.020
2A, 5.62 0.000 5A, 6.97 0.000
4E 5.66 0.030 6A, 7.22 0.000
2A, 5.80 0.048 11E 7.30 0.227
3A, 5.91 0.002 6A, 7.38 0.027
5E 5.92 0.018 12E 7.44 0.077
4A, 6.13 0.009 13E 7.66 0.002
3A, 6.14 0.010 7A, 7.94 0.000
6E 6.27 0.017 7A, 8.09 0.029
4A, 6.30 0.044
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tivation of this state may lead to NO, fragmenta-
tion. This is consistent with the dissociative charac-
ter of the CT state in nitramide along the NH,+NO,
channel computed with the CASPT2 method [30].
The first bright transition at ADC(2) level is also
into the 2E state, but in this case, it corresponds to
an n-7* excitation.

Despite a slightly different order, RI-CC2 and
ADC(2) methods predict a similar sequence of n-7*
and 7-7* bright states. In both cases, the spectrum
is dominated by three intense transitions. The first
two of these transitions—2E and 2A; for RI-CC2
and 3E and 2A; for ADC(2)—are CT mg-7* states.
The third one—5E in the case of RI-CC2 and 4E in
the case of ADC(2)—is a localized w-7* excitation
(LE) involving orbitals centered at the NO, groups.
In the case of TDDEFT, the CT my-7 states (2E and
4E) have low intensities, which are comparable to
the intensities of the n-7* transitions. These states
have also too low energies in comparison to the
RI-CC2 and ADC(2) results, which is a strong indi-
cation that the TDDFT method shows the well-
known artifacts in the prediction of CT states [18]. It
is planned to use newly developed DFT functionals
designed to deal with CT states [31, 32] in future
investigations for better description of these states
in RDX. As expected, the TDDFT description of the
third intense transition, the LE m7* (11E) state is in
good agreement with the RI-CC2 and ADC(2) pre-
dictions.

To estimate the solvent effect on the transitions
energies, TDDFT(B3LYP) transition energies were
calculated both in vacuum and in acetonitrile, the
latter using the PCM model [24]. Twenty states
were investigated. The largest difference between
the transition energies in vacuum and in acetoni-
trile was a blue shift of 0.15 eV. Nevertheless, we
should take into account that investigations of the
solvent effects on CASPT2 calculations for nitra-
mide [30] have shown strong effects on the CT state
for a broad range of solvents. Again, this indicates
the poor description of these states in the TDDFT/
B3LYP approach.

The experimental RDX UV spectrum in acetoni-
trile has two distinct maxima at 5.25 eV and at 6.34
eV, the latter being most intense [8]. This spectrum
is shown in Figure 4 along with our RI-CC2/TZ-
VPP’ and TDDFT/TZVPP’' vacuum results. The
spectrum of dimethylnitramine [(CH;),NNO,] [33]
in gas phase is very similar, with two bands at 5.4
eV and 6.4 eV. In nitramide [H,NNO,] measured in
different solvents, only one broad band was ob-
served [34]. The authors of this study claimed that

ELECTRONICALLY EXCITED STATES OF RDX

= RI-CC2 -
064 < TDDFT
= ADC(2) T
0.4k Exp (arb. units)
[-]
= 0.264
=]
S 0.20-
=]
8015
<
0.104
0.05 -
i 9
0.00 :
4 7 8

FIGURE 4. Computed RI-CC2/TZVP, ADC(2) and TD-
DFT/TZVP spectra in comparison with the experimental
UV spectrum in acetonitrile [8]. The label f indicates the
computed oscillator strengths while the full line repre-
sents the experimental spectrum. Only states with f =
0.01 are shown. [Color figure can be viewed in the on-
line issue, which is available at www.interscience.wiley.
com.]

this unique band was formed by the superposition
of CT and NO,-localized m-7* transitions. Our cur-
rent calculations at RI-CC2 and ADC(2) levels show
that the low energy band of RDX is due to the CT
mg-m* state. The broadness of this band can par-
tially be attributed to the dissociative character of
this state mentioned above. Besides that, the se-
quence of low intensity n-7* transitions should also
contribute to the final broadening (Table V).

The assignment of the second band is, however,
not so clear and our results allow for two different
possibilities. Firstly, the second band can be as-
signed to the second CT my-7* state. This is the
assignment indicated in Table V. In this case, the
transition energy of the second CT mk-7* state com-
puted either with RI-CC2 or ADC(2) is too low by
about 0.4-0.5 eV in comparison to the experimental
data. This difference could be in principle explained
by solvent effects. One important consequence of
this assignment is that it implies that the most
intense absorption band of RDX has not been mea-
sured so far. It should correspond to the LE m-7*
transition around 6.97 eV (178 nm) according to the
RI-CC2/TZVPP' level, which opens the possibility
of experimental verification of this assignment.

Alternatively, the high energy band can be as-
signed to the LE m7* transition. In this case, the
second mR-7* state would be one more state con-
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TABLE V
Assignment of the experimental bands in the UV spectrum of RDX.
RI-CC2/TZVPP’ ADC(2)/TZVPP’ TDDFT(B3LYP)/TZVPP’ Exp.
State AE (eV) f State AE (eV) f State AE (eV) f AE (eV)
2E 5.24 0.064 wR-7* 2E 5.02 0.026 n-7* 2E 5.32 0.077 @g-m* 5.25%
1A, 5.36 0.025 n-m* 1A, 5.06 0.014 n-7* 4E 5.66 0.030 w7 (5.4)°
3E 5.63 0.041 n-m* 3E 5.51 0.066 mr-T  2A, 5.80 0.048 n-7#
2A, 6.01 0.126  wg-7" 2A, 5.95 0.150 7R-7" 6E 6.27 0.017  n-# 6.342
3A, 6.14 0.010 n-# (6.4)°
7E 6.35 0.050 -7
9E 6.61 0.012 =7
5E 6.97 0.473 7" 4E 6.46 0.606  @-7* 11E 7.30 0.227 -7
5E 6.63 0.064 wp-T  BA, 7.38 0.027 -7

2 RDX in acetonitrile. Experimental data from Ref. [8] (band maximum).
® DimethylInitramine in gas phase. Experimental data from Ref. [32] (band maximum).

tributing to the first band and to the region of
overlap. The ADC(2) result is particularly in agree-
ment with this hypothesis, since it predicts the LE
m-m* state at 6.46 eV. The RI-CC2 and TDDFT tran-
sition energies, however, are, respectively, 6.97 and
7.30 eV, clearly too high by at least 0.5 eV to support
this assignment.

Conclusions

The excited electronic states of the RDX molecule
in gas phase were studied with the RI-CC2,
ADC(2), and TDDFT methods using a sequence of
double-{ and triple-{ quality basis sets. Vertical
transition energies and optical oscillator strengths
were obtained for a maximum of 40 states at each
level. Extended geometry optimizations in the
ground state have been performed using the RI-
CC2 method. The present calculations constitute
the most accurate benchmark of excitation energies
for RDX so far.

Both RI-CC2 and TDDFT results show quasi-
triply degenerate excitations. The RI-CC2 and
ADC(2) methods predict that the UV spectrum is
dominated by three specially bright transitions as-
sociated with excitations to two charge transfer
states and one localized m-7* state. The TDDFT
results are in agreement with RI-CC2 and ADC(2)
only in case of the highest energy transition and
fails in its description of the charge transfer states.
The UV spectrum predicted by this method is
mostly formed by a sequence of low intensity tran-
sitions. The low energy band of the experimental

UV spectrum of RDX in acetonitrile is assigned to
the first charge transfer state. Two alternative as-
signments of the high energy band are proposed. In
the first one, the band is assigned to the second
charge transfer state, whereas in the second possi-
bility the band is assigned to the localized m-7*
state. If the first hypothesis is correct, a strong ad-
ditional UV band at about 178 nm should exist for
RDX.
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