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Seeking promising molecular species with huge energy release and significant kinetic stability continues to
be a hot topic and a great challenge in the field of high-energy density materials (HEDMs). COy, is the first
high-order carboxide that has the potential as an energetic molecule. However, the intrinsic kinetic stability
of its two most studied energy-rich isomers, i.e., *1 (monocyclic) and 2 (bicyclic), has remained quite
unclear in spite of numerous studies. This has greatly hindered the quantitative stability assessment of 1
and 2 under various conditions as well as the justification of their prospect as energetic candidates. In
this work, for the first time we report the rate-determining transition states associated with the CO,-
elimination from 1 and 2. The thermodynamics of 1 and '2 was described using G3B3, CBS-QB3, G4,
W1BD, CCSD(T)/CBS and CASPT2/CBS, while the kinetic stability was analyzed based on broken-
symmetry UCCSD(T)/CBS and CASPT2/CBS single-point energy calculations on UB3LYP geometries. The
rate-determining barriers for the dissociation of 11 and 2 into CO, + 'O, at 298 K were found to
amount to 28.7 and 14.7 kcal mol™! at the CASPT2(18e,120)/CBS level of theory, and 23.5 and 21.1 kcal
mol™! at the UCCSD(T)/CBS level of theory, respectively. 1 is a kinetically stable energetic molecule,
which releases 45.2 kcal mol™ upon dissociation into CO, + O, at the CASPT2(18e,120)/CBS level and
38.9 kcal mol™* at the UCCSD(T)/CBS level, and could serve as a rigid energetic building block for larger
oxocarbons. The bicyclic '2 releases much higher energy, 79.3 kcal mol™ at the CASPT2(18e,120)/CBS
level and 73.4 kcal mol™ at the CASPT2-corrected UCCSD(T)/CBS level whereas the barrier for
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1. Introduction

High-energy density materials include explosives, propellants,
and pyrotechnics, that are used for military purposes and
civilian applications. In the development of new HEDMs, a well-
known issue is that HEDMs usually have the contradictory
requirements of high performance and low sensitivity, which
greatly challenges synthetic chemists and theoreticians. The
main step to design promising energetic materials is to acquire
an effective energetic building unit, which could be further
assembled and modified by energetic functional groups.'™°
Obviously, excellent energetic units played a crucial role in the
development of energetic materials.

The oxides of the main group IV element carbon, i.e., CO,,
constitute an important class of compounds. Besides CO and
CO, that have a well-known direct bearing on human life, the

“Institute of Theoretical Chemistry, Jilin University, Changchun 130023, People’s
Republic of China. E-mail: yhdd@jlu.edu.cn

*College of Chemistry and Chemical Engineering, Northeast Petroleum University,
Daging 163318, PR China

‘Dipartimento di Chimica e Tecnologie del Farmaco, “Sapienza” University of Rome,
P.le Aldo Moro 5, 00185 Roma, Italy. E-mail: giulia.depetris@uniromal.it
“Dipartimento di Ingegneria Civile e Ambientale, University of Perugia and ISTM-CNR,
Via Duranti 93, 06125 Perugia, Italy. E-mail: marzio.rosi@unipg.it

T Electronic  supplementary available. See DOL:
10.1039/c5ra19895j

information  (ESI)

This journal is © The Royal Society of Chemistry 2015

dissociation is lower than that of monocyclic 1.

high-order carboxides CO,, (n > 2) have been receiving growing
attention in the last decades."*® They can be produced in the
reactions of oxygen (atomic or molecular) with the lower oxides
of carbon, hydrocarbons, and other organic molecules.>® CO,,
and their ions are also relevant to the chemistry of the terres-
trial*” and planetary®® atmospheres. Of particular interest, the
high-order carboxides possess numbers of single C-O and O-O
bonds, which could release a large amount of heat upon
transformation to the stable CO, CO, and O, species. Thus,
members of the CO,, family could be potential molecular ener-
getic materials or high-energy density materials (HEDMs), the
next generation of environmentally benign propellants and
explosives. Due to the energetic feature, the lifetime of CO,
structures should highly rely on their rate-determining barrier
heights.

We are particularly interested in carbon tetraoxide (CO,),
which is the first energy-rich CO, since decomposition of the
lower-order COj; is endothermic towards the low-energy yet
spin-forbidden dissociation into CO, + >0 and CO + *0,.2° The
chemically bound structures of CO, were first considered by
Averyanov et al. in 1996." They performed thorough thermo-
dynamical calculations on two isomers '1 and "2 (see Scheme
1),”> showing their metastability (by 48 and 80 kcal mol ",
respectively). Though no decomposition transition states were
located, Averyanov et al. surmised that 1 and 2 should have
large decomposition barriers in the adiabatic pathway.'?
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Scheme 1 Key isomers of COyg.

Besides, by analyzing the nonradiative singlet-triplet decay,
Averyanov et al. deduced an upper limit for the barrier to the
dissociation of '2 ranging from 15.0 to 27.3 kcal mol *.** In
2003, using neutralization-reionization mass spectrometry
(NRMS). Cacace and coworkers reported the first detection of
neutral CO, and, based on their own and previous computa-
tional studies, assigned it the bicyclic *2 structure with a life-
time exceeding 1 us in the isolated gas state.'® Later in 2007,
Jamieson et al. reported on the detection of the monocyclic
isomer "1 via low temperature infrared spectroscopy of CO,
ice.” CO, has also been the subject of other computa-
tional**'”**?** and experimental* studies. No quantitative esti-
mation of the kinetic stability of 1 has been reported.

Clearly, in spite of the 20 year research history, our knowl-
edge of CO, is far from being sufficient. The intrinsic stability of
its two most important isomers, ie., '1 and '2, still remains
undetermined. "1 and '2 have been previously expected to have
large barriers towards the dissociation into 'O, + CO,. Yet how
large can the barriers be? The lack for this crucial information
jeopardizes the assessment of CO, as a potential energetic
material, since a barrier higher than 20 kcal mol™" has been
suggested for suitable candidates for energetic molecules.* It
must also be noted that both the monocyclic and bicyclic CO,
can be adequately described by single determinantal methods,"”
whereas the CO,-elimination produces 'O, that is a well-known
multi-reference molecule.?***

To fill in the gap of the available CO, study, for the first time
here we have identified the transition states for the CO,-elimi-
nation from "1 and 2. Our results confirmed previous conjec-
tures that CO, does have the possibility to serve as an energetic
molecule due to its large rate-determining barrier, although the
barrier for the dissociation of the bicyclic '2 shows some vari-
ations depending on the method used.

2. Computational methods

Firstly, the structures of the singlet isomers, singlet transition
states and fragments of CO, were obtained at the B3LYP/aug-cc-
PVTZ level followed by the frequency calculations to establish
their stationary nature. To ensure accurate description of the
energies, we applied various theoretical methods: (1) CCSD(T)
calculations with the complete basis set (CBS) limit extrapola-
tion based on the CCSD(T)/aug-cc-pVIZ and CCSD(T)/aug-cc-
pVQZ energies (denoted as CCSD(T)/CBS//B3LYP/aug-cc-pVTZ).
The complete basis set (CBS) limit extrapolation was investi-
gated by Halkier et al, which is guided by rij-dependent
methods.* (2) G3B3,* G4,** CBS-QB3 (ref. 35) and W1BD*
calculations. Note that the connection of each located transition
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state was checked by the intrinsic reaction coordinate (IRC)
method at the B3LYP/6-31G(d) level (starting from the B3LYP/6-
31G(d) transition state). To provide accurate spectroscopic
properties, the CCSD(T)/aug-cc-pVITZ geometry optimization
and frequency calculation were carried out. All the above
calculations were performed with the GAUSSIANO3 (ref. 37) and
GAUSSIANO9 (ref. 38) packages.

Secondly, for the species 'O,, TS1 and TS2 that have signif-
icant multi-reference character, we applied the broken-
symmetry strategy of Noodleman® at the B3LYP level, ie.,
UB3LYP/aug-cc-pVTZ geometrical optimization with the “guess
= (mix, always)” keyword. For the energetics, we applied two
kinds of theoretical methods: (1) the complete basis set (CBS)
limit extrapolation based on the UCCSD(T)/aug-cc-pVTZ and
UCCSD(T)/aug-cc-pVQZ energies (denoted as UCCSD(T)/CBS//
UB3LYP/aug-cc-pVTZ), and (2) a modified version of CASPT2
(Complete Active Space with Second-order Perturbation Theory,
developed by Celani and Werner,* referred to as ‘RS2C’ in
Molpro), which accounts for dynamic correlation, using the
CASSCF wave functions as references in the RS2C calculation.
Active space includes 18 electrons and 12 active orbitals, namely
CASPT2(18e,120). All CASPT2 calculations were made without
symmetry constraints on the wave function. The aug-cc-pvVTZ
and aug-cc-pVQZ basis sets were used in order to deduce the
CBS limit extrapolation for CASPT2(18e,120) calculations.** The
combined CASPT2 and UB3LYP studies (i.e., CASPT2//UB3LYP)
have been shown to apply well in various systems.**** All the
CASPT2 calculations were carried out with the Molpro 2010**
program package and the UCCSD(T) method were carried out
with the GAUSSIANO9 (ref. 38) program package. Since CASPT2
method can give a better description for reference state system,
we chose CASPT2 basis for discussion.

To get the half-life values of "1 and '2 at different tempera-
tures, we applied the conventional transition state theory
(CTST), which was described below. Qrg, Qg are the partition
functions of the transition state and the reactant, respectively.
Ers and ER stand for the energy of the transition state and the
reactant with ZPVE. The other parameters are kg for Boltzmann
constant, & for Planck constant, T for temperature and R for
universal gas constant.

kT QOrs

o = 857 G| =

RT

All the above calculations were performed at 298.15 K
(temperature) and 1 atm (pressure). The zero-point vibrational
energy (ZPVE) was automatically considered in the composite
G3B3, G4, CBS-QB3 and W1BD calculations, while in the B3LYP/
aug-cc-pVIZ and CCSD(T) studies, the ZPVE from the B3LYP/
aug-cc-pVTZ frequency calculation should be manually
included (denoted by “+ZPVE”).

3. Results and discussions

The optimized isomers and transition states of CO, at the
B3LYP/aug-cc-pVTZ level are shown in Fig. 1. For easy discus-
sion, we set the total energy of '1 at various computational levels

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Geometrical parameters (A) and point group of 1, 12, ¥TS1, U'TS1, TS2, U'TS2 at the B3LYP/aug-cc-pVTZ level. The geometrical
parameters in brackets are calculated at the CCSD(T)/aug-cc-pVTZ level.

to be zero as reference. The relative energies can be found in
Table 1. The wave numbers, rotational constants and dipole
moments are given in Table 2. Note that the superscript before
a species means the spin multiplicity, i.e., 1 for singlet and 3 for
triplet.

3.1 Thermodynamics of '1 and '2

Previous CASSCF calculations have indicated that the single
determinantal method should be sufficient to describe *1 and
12,29 In fact, we found that the T1Diag values of 1 and '2 are
0.019 and 0.017, respectively, which lie below the threshold
0.02 recommended by Lee.** So we have sufficient confidence
to obtain the reliable energetics of "1 and 2 relative to the
global fragments CO, + 0, simply based on the single deter-
minantal calculations. As listed in Table 1, "1 lies higher
in energy than CO, + *0, by 62.6 (G3B3), 60.6 (CBS-QB3),
61.8 (G4), 61.8 (W1BD), 61.7 (CCSD(T)/CBS//B3LYP/aug-cc-
PVTZ+ZPVE) kcal mol ™. The relative energy between 1 and *2
is 33.8, 33.8, 33.3, 34.8 and 34.5 kcal mol ™, respectively at the

four composite levels and at the CCSD(T)/CBS level. The
agreement between these methods is good. We suggest
to adopt the most costly W1BD calculations as our recom-
mended values for the thermodynamic properties of 1, 2 and
CO, +20,. Interestingly, CASPT2(18e,120)/CBS//B3LYP/aug-cc-
PVTZ+ZPVE predicts the relative energy 34.1 kcal mol™*
between '1 and 2, which agrees quite well with the composite
calculations. Yet, the relative energy of CO, +*0,, i.e., 68.0 kcal
mol~" at the CASPT2/CBS//B3LYP level, is about 6 kcal mol™*
higher than that predicted by the composite calculations.

As for the energetics of the spin-allowed product CO, + 'O,,
not unexpectedly calculations are problematic at almost all
levels of theory, due to the multi-reference character of '0,.2°
The G3B3, CBS-QB3, G4, W1BD, CCSD(T)/CBS//B3LYP/aug-cc-
pVTZ+ZPVE and UCCSD(T)/CBS//UB3LYP/aug-cc-pVTZ+ZPVE
methods consistently give the singlet-triplet (S-T) gap of oxygen
as about 29 kcal mol ", with the exception of the latter that gives
the gap as 9.7 kcal mol™" (see Table 1). Compared to the
experimental value of 22.5 kcal mol " " all six methods do not
give an accurate description. The CASPT2(18e,120)/CBS//

Table 1 Relative Energies (kcal mol™?) of 11, 12, U'TS1, UTS2 and products CO, + 0,, CO, + 30,

1 2 u'Ts1’ U'rs2’ CO, +'0,” CO, +°0,
B3LYP/aug-cc-pVIZ+ZPVE 0.0 39.0 20.3 50.8 —57.8 —67.9
G3B3 0.0 33.8 —62.6
CBS-QB3 0.0 33.8 —60.6
G4 0.0 33.3 —61.8
W1BD® 0.0 34.8 —32.3(—39.0) —61.8
CCSD(T)/aug-cc-pVTZ//B3LYP/aug-cc-pVTZ+ZPVE 0.0 33.8 22.8 53.8 —51.1 —61.0
CCSD(T)/aug-cc-pVQZ//B3LYP/aug-cc-pVTZ+ZPVE 0.0 34.2 23.2 54.8 —51.6 —61.4
CCSD(T)/CBS//B3LYP/aug-cc-pVTZ+ZPVE 0.0 34.5 23.5 55.6 —52.0 —61.7
CASPT?2(18e,120)/aug-cc-pVTZ//B3LYP/aug-cc-pVIZ+ZPVE 0.0 34.2 28.8 46.7 —43.8 —67.1
CASPT2(18e,120)/aug-cc-pVQZ//B3LYP/aug-cc-pVTZ+ZPVE 0.0 34.1 28.7 47.9 —44.6 —67.6
CASPT2(18e,120)/CBS//B3LYP/aug-cc-pVIZ+ZPVE 0.0 34.1 28.7 48.8 —45.2 —68.0

“ The relative energy of CO, + 'O, in parentheses was corrected by the CASPT2/CBS single-triplet (S-T) gap of O, with respect to CO, + >0, (W1BD),
ie., —39.0 = —61.8 + 22.8. ” The energies are from the open shell single-point calculations based on the open shell geometries.

This journal is © The Royal Society of Chemistry 2015
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Table 2 The key spectroscopic parameters including wave numbers M,,,, (cm™3), rotational constants R (GHz) and dipole moment D (Debye) of
1 and 2 at the CCSD(T)/aug-cc-pVTZ level, and the half-life of *1 and *2 with the barriers at CASPT2(18e,120)/CBS//UB3LYP/aug-cc-pVTZ level

at different temperatures

My (em™) R (GHz)

D (Debye)

G R ) 8 4% o

1 287.9
510.4
725.8
773.2 15.18514
834.3 5.71438
870.0 4.15194
1015.1
1160.3
1979.8

) 339.5
540.4
540.7
562.8 12.44232
678.0 5.30909
989.2 5.30909
1046.3
1046.4
1657.5

1.2599

0.0546

UB3LYP/aug-cc-pVTZ+ZPVE calculation predicts the S-T gap as
22.8 kecal mol™", excellently matching the experimental value.
Therefore, we can use this value, or alternatively the experi-
mental value which is very close, in order to calculate the energy
of '0, with respect to that of the *0, ground state. The best
estimate for the relative energy of CO, + 'O, is —39.0 (=—61.8 +
22.8) keal mol™" at the W1BD level with the CASPT2 correction
of the S-T gap of oxygen. As a result, the spin-allowed energy
release of '1 and *2 to CO, + 0, is 39.0 and 73.8 kcal mol ™, at
the CASPT2-corrected W1BD level, and 38.9 and 73.4 at the
CASPT2-corrected CCSD(T)/CBS level, respectively.

3.2 Kinetics of '1 and *2

Clearly, '1 and '2 are energetic species and the lowest energy
path to the product CO, + 'O, could be the rate-determining
step to determine their lifetime of existence. The reactants "1
and "2 are of the single determinantal type, whereas the product
0, has significant multi-reference character. So we studied the
respective CO,-elimination transition states TS1 and TS2 using
both the restricted and unrestricted wave functions. The former
is the same as that applied to "1 and 2, for which the single
determinantal wave function is enough. At the composite G3B3,
CBS-QB3, G4, W1BD, CCSD(T)/CBS//B3LYP/aug-cc-pVTZ+ZPVE
levels, the CO,-elimination barrier is higher than 30 kcal mol ™,
ie., 36.9, 37.0, 37.1, 35.2 and 36.6 kcal mol™* for 1, and 35.3,
35.3, 35.0, 30.7 and 34.8 kcal mol™* for 2. Yet the wave func-
tions of 'TS1 and 'TS2 have significant internal RHF — UHF
instability, and the corresponding T1Diag values are as large as
0.065 and 0.109, greatly exceeding 0.02. Thus TS1 and 'TS2
should have significant multi-reference nature. To resolve this
problem, we adopted the broken-symmetry strategy to optimize
TS1 and 'TS2 at the UB3LYP/aug-cc-pVTZ level. The obtained
CO,-elimination transition states are labeled by U'TS1 and
U'TS2. Both U'TS1 and U'TS2 are subject to severe spin

91584 | RSC Adv., 2015, 5, 91581-91586

4.2 x 107 1.5 x 10'® 7.5 x 10*°

1.2 X 107° 4.4 x 10* 1.3 x 10

contamination with the ($*) values 0.84 and 0.85, indicative of
the mixing of the higher spin states.

The energetics of U'TS1 and U'TS2 were further refined by
the multi-reference-based CASPT2(18e,120) calculations and
UCCSD(T) method with the CBS extrapolation based on the
aug-cc-pVTZ and aug-cc-pVQZ, CASPT2(18e,120)//UB3LYP/
aug-cc-pVTZ and aug-cc-pVIZ and aug-cc-pVQZ UCCSD(T)//
UB3LYP/aug-cc-pVTZ results. In sharp contrast to the
restricted calculations, the ZPVE-corrected CO,-elimination
barriers 28.7 and 14.7 kcal mol™' (via U'TS1 and U'TS2,
respectively) at the CASPT2(18e,120)/CBS level were both
much reduced compared to the restricted calculations based
on 'TS1 and 'TS2 (see ESI Table S17). At the UCCSD(T)/CBS
level of theory the difference between the barriers (i.e. 23.5
and 21.1 kecal mol ", respectively) for the dissociation of '1
and '2 is much lower. This is not unexpected since it is
well known that CASPT2 can describe very well multi-
configurational states, although dynamical -correlation
effects could be underestimated, while UCCSD(T) describes
very well dynamical correlation effects and could underesti-
mate multi-configurational effects. Future study that can
properly include the balanced description of both the multi-
reference and correlation effects is still desired.

3.3 Implications

After the initiation of the CO, study in 1996,"* here we explicitly
determined the CO,-elimination barrier height that governs the
intrinsic stability of the two key cyclic isomers "1 and *2 for the
first time. The spin-allowed exothermicity of 39.0 kcal mol ™"
and the fragmentation barrier lying between 28.7 and 23.5 kcal
mol " showed that 1 itself is a kinetically very stable energetic
molecule. The dissociation of the bicyclic *2 is much more
exothermic, 73.8 kcal mol™!, and the CO,-elimination barrier,
lying between 14.7 and 21.1 kcal mol " should be close to the

This journal is © The Royal Society of Chemistry 2015
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conservative value of 20 kcal mol ' recommended for the
dissociation barrier of a HEDM.* Accordingly, these CO,
isomers can serve as useful energetic building blocks for the
formation of more complex carboxides (i.e., C,,0,,).

By computing the decomposition rate constants based on
conventional transition state theory, we determined the half-
life values of 1 and '2 at 100, 200 and 298.15 K (see Table 2).
To assist their low-temperature spectroscopic characteriza-
tion, the wave numbers, rotational constants and dipole
moments were also collected in Table 2. The present work
focuses on the intrinsic stability of CO, against its unim-
olecular decomposition, which is essential for assessment of
an HEDM. Surely, in actual usage, its reactivity towards
ambient species (e.g., O,, H,O) might need to be investigated.
Besides, to see whether in condensed phase, CO, can undergo
oligomerization, we investigated the head-to-tail and head-to-
head cycloaddition reactions at the C=0 bond of 1. These
are both endothermic (i.e., the CO4 dimer of '1 lies 43.9 and
113.5 kcal mol ™" higher than two '1, respectively. See ESI11),
clearly showing the low probability for cycloaddition. Finally,
since many peroxides (with O-O bonding) can release *0,
during the photochemical or basic processes, the 2CO, —
2CO, + 2°0, reaction with large exothermicity seems feasible.
Yet such processes usually involve complicated radical or
ionic processes, which is out of the present scope. It should be
noted that under thermal conditions, when the CO, mole-
cules approach each other, the lone pair electrons of oxygen
might exert strong repulsion to hinder the approach of each
other.

The quantitative intrinsic stability and the detailed vibra-
tional features for the rate-determining CO,-elimination
transition states should be a base for future exploration of its
formation and depletion dynamics either in gas phase or on
condensed ice surface. Moreover, the present study leads us
to predict that in studying the analogous energy-rich carb-
oxides, multi-reference calculations (e.g., CASPT2) are essen-
tial for predicting the barrier heights for CO, + 'O,
elimination, though the single determinantal methods can
still be applied to describe the thermodynamic properties of
isomers provided a correct scaling for the energy of 'O, with
respect to that of *0,.

4. Conclusions

CO, belongs to the class of potential energy-rich molecules. Yet,
despite the 20 year research history, the intrinsic kinetic
stability of CO,, the second member of the higher-order carb-
oxides (CO,), has remained unclear. In this work, for the first
time we have located the transition states for the CO,-elimina-
tion from two key CO, isomers 1 and 2. The rate-determining
barriers for 1 and *2 were computed to be 28.7 and 14.7 keal
mol ', respectively, at the CASPT2(18e,120)/CBS//B3LYP/aug-cc-
PVTZ+ZPVE level, 23.5 and 21.1 keal mol™?, respectively, at the
UCCSD(T)/CBS//B3LYP/aug-cc-pVTZ+ZPVE level. This work can
provide a useful reference for the study of other carboxides
COp.

This journal is © The Royal Society of Chemistry 2015
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