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A B S T R A C T

We have conducted a systematic structure prediction of CnOm molecules across a wide compositional range (0 ≤ n, m ≤ 16) using the first-principles evolutionary 
global optimization algorithm USPEX. Results show a diverse range of structural patterns which vary with molecular size and O/C ratio. Stability of CnOm molecules 
was explored using approaches borrowed from nanocluster studies, where stability with respect to an ensemble of neighboring compositions is used as a criterion of 
“magic” (particularly preferable) clusters. In addition, we have identified molecules that are both magic and release a high amount of energy during their 
decomposition, and found that the most promising molecules have compositions in or near the range 1 ≤ O/C ≤ 2. Our findings give clues for future syntheses and 
explorations of oxocarbons and suggest them as a new promising class of high energy density materials.

1. Introduction

Carbon oxides (oxocarbons) are compounds composed solely of 
carbon and oxygen atoms. When people think about carbon oxides, they 
usually remember the simplest CO and CO2 molecules, however that 
only scratches the surface. Many other carbon oxides also exist, for 
example, mellitic anhydride (C12O9) has been known for two centuries 
and can be synthesized relatively easily. As another example, C3O2 is 
made by dehydrating malonic acid (C3H4O4), by electric discharge in CO 
gas, or by heating gas. Oxocarbons are promising for many applications 
including advanced energetics, electrode materials for Li-ion batteries, 
atmospheric chemistry, and biochemical studies [1–4]. Carbon monox-
ide is abundant in various astronomical environments, including the 
interstellar medium, comets, planets, and even metal-poor galaxies [5]. 
Also, oxocarbons may be present on white dwarfs as remnants of carbon 
burning [6]. This widespread presence suggests the potential existence 
of polymeric forms of C-O compounds in planets, making it a target of 
astrophysical research [1]. Additionally, carbon oxides play a significant 
role when examining the combustion products of common hydrocarbon 
fuels such as kerosene, ethanol and dimethyl ether.

CO and N2 molecules are isoelectronic, and the strength of the CO 
triple bond (11.16 eV) [7] even surpasses that of the N2 (9.79 eV) [7]. 
Polymeric forms of nitrogen [8–10] at high pressure and metal poly-
nitrides [11–14], containing simple N-N or double N=N bonds, have 
been suggested as high energy density materials (HEDMs) due to highly 

exothermic decomposition into molecular nitrogen with triple N ≡ N 
bond. The rationale here is that the triple N ≡ N bond is much stronger 
that three single N-N bonds (9.79 eV vs. 3*1.73 = 5.19 eV) [7]. In CnOm 
molecules things are slightly different: the energy of a double C=O bond 
(8.28 eV) [7] is much better than that of two single C-O bonds (2*3.71 =
7.42 eV [7]), and triple C ≡ O bond is similar to 3 times the energy of 
single bond. As a consequence, decomposition of singly-bonded CnOm 
molecules into those with double C=O bonds is expected to release much 
energy, which creates the possibility to use oxocarbons as HEDMs. 
Polymerized carbon monoxide is also considered a potential HEDMs, in 
close analogy with polymeric nitrogen, prompting investigations into 
various polymeric forms of CO, their crystal structures, and energetics at 
high pressures [15,16]. In recent years, research on carbon oxides as 
HEDMs has primarily focused on small or stoichiometric compounds. 
Studies have examined the detonation velocities and pressures of 
various oligomers and co-oligomers of CO and CO₂, as well as their 
decomposition reactions, identifying C₂O₄ as a promising candidate 
[17]. Also, non-planar oxocarbons C2O2 and C4O4 are structurally 
similar to nitrogen molecules, but only decomposition paths releasing 
CO molecules were studied, not considering CO, CO₂, C2, O2 [18]. Some 
larger C-O molecules have been also evaluated for their potential as 
HEDMs. Cyclic (CO)n(CO₂)m co-oligomers, such as C₂O₃, C₃O₅, and C₄O₆, 
and their decomposition into CO, CO₂, and O₂ have been analyzed [19]; 
notably, C₄O₆ has been synthesized experimentally [20]. Also, carbon 
oxides COm (m > 2) with high oxygen content are highly energetic too 
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[1].
Another subject of interest is (CO)n compounds due to their appli-

cation in Li-ion batteries (LIBs). Cyclic (CO)n molecules (where n = 4, 5, 
6) with multiple electron-withdrawing C=O groups exhibit promising 
potential as cathode materials in LIBs owing to their redox-active nature 
[4,21]. Devices, containing Li as anode, quasi-solid electrolyte and C5O5 
as the cathode material exhibit in experiment exceptional electro-
chemical performance compared to other reported organic carbonyl 
electrode materials for LIBs.

Despite the increased interest in carbon oxides, their structure 
determination has been conducted to date only for small areas of 
composition space or stoichiometric compounds. The atomic structures 
of CnOm molecules are also available in the databases of biomolecules. 
However, they do not contain data for all compositions, for example, in 
the Pubchem [22] database for the compositional region 1 ≤ n, m ≤ 15 
(225 different formulas) there are data only for 78 formulas, and there is 
no certainty that the provided molecules are real ground states.

In this work, we conducted an extensive systematic study of CnOm 
molecules, covering a wide compositional range (0 ≤ n, m ≤ 16). We 
utilize global optimization methods in conjunction with density func-
tional theory (DFT) calculations to determine ground-state structures as 
well as low-energy isomers. We studied their geometric and energetic 
characteristics and identified the most favorable (“magic”) molecules. 
Additionally, we calculated the energy output of decomposition pro-
cesses and identified compounds which may be promising HEDMs.

2. Computational methodology

Structures of CnOm molecules were identified using the evolutionary 
variable-composition global optimization algorithm for molecules and 
nanoclusters. This algorithm, developed by our group and implemented 
in the USPEX code [23,24], leverages the exchange of structural frag-
ments between molecules of different compositions, demonstrating up 
to 50-fold acceleration compared to conventional techniques that per-
forms structure search for each composition separately [25].

To ensure reliable and accurate structure prediction, the calculation 
procedure involved several steps. Initially, the USPEX search was con-
ducted using the evolutionary algorithm in conjunction with the ab initio 
VASP code [26,27], which employs the projector-augmented wave 
method [28] and the Perdew–Burke–Ernzerhof (PBE) 
exchange-correlation functional [29]. Spin polarization was taken into 

account in these calculations.
Then, 25 lowest-energy isomers from each composition were 

selected for further refinement using the GAUSSIAN code, applying the 
B3LYP hybrid functional and the 6-311G+(d,p) basis set [30]. For these 
molecules, we checked various spin states and identified the 
lowest-energy one. We calculated vibrational spectra of all these struc-
tures and verified that they have no imaginary frequencies. For each 
ground state structure we calculated its Gibbs free energy at T = 300 K.

3. Structure and stability of CnOm molecules

Ground-state structures of CnOm molecules were found in a vast 
compositional area of 0 ≤ n, m ≤ 16, which contains 288 different 
compositions. Pure carbon molecules were studied in depth by many 
researchers, including our group [31,32]. Om molecules were investi-
gated only up to m = 8 [33], when m > 8 oxygen rings decompose into a 
number of O2 molecules. Comparing our results in range 1 ≤ n, m ≤ 15 
with the PubChem database, we found that for 40 CnOm compositions we 
identified the same global minima. For 38 compositions, we discovered 
lower-energy structures, and to the best of our knowledge, 147 molec-
ular compositions were never studied before (see ESI Table S1). It should 
be noted that all CnOm ground-state structures are singlets, except C2, C4, 
C6, C8, C13, CnO (n = 2, 4, 6, 8, 10, 12), CnO2 (n = 2, 4, 6, 8, 10, 12, 14, 
16), O2 and O3, which are triplets. The xyz coordinates of all calculated 
ground-state structures are provided in ESI Section S2.

Regarding stability of CnOm molecules, we can formulate criteria 
elaborated in our previous studies [25,31,32,34–37], based on their 
ground-state energies E(n, m). In the first criterion, we consider stability 
with respect to the exchange of one carbon or one oxygen atom between 
two identical molecules CnOm. The energy change can be written as: 

Δ2
CE(n,m)=E(n+1,m) + E(n − 1,m) − 2E(n,m), (1a) 

Δ2
OE(n,m)= E(n,m+ 1) + E(n,m − 1) − 2E(n,m). (1b) 

Then, we characterize the degree of stability of the molecule by the 
minimum of these values: Δ2

min = min{Δ2
CE, Δ2

OE}. Molecules with a 
positive Δ2

min are referred to as “magic”, drawing an analogy to magic 
clusters in nanoscience and magic nuclei in nuclear physics. It is 
observed that magic nanoclusters are more abundant than others [25,
34–39]. In our previous studies it was also shown that this criterion 
equally is applicable to organic molecules: it can predict their 

Fig. 1. Interpolated heat maps: (a) Δ2
min and (b) Efrag,2 (in eV) of CnOm molecules as a function of n and m. Regions of instability are marked in blue. Dashed lines are 

molecules corresponding to compositions with stoichiometry O/C equal to 1 and 2. (c) Classification scheme of CnOm molecules. The composition space is divided 
into 6 classes according to structural features and bonding character. This scheme also illustrates the composition changes of molecules during fragmentation. For 
each point (n, m) an arrow is drawn pointing towards the largest fragment obtained during the fission of the CnOm molecule, if it is energetically preferable. Arrows 
are colored depending on the type of the smallest fragment (O2, O3, CO and CO2).
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abundance in various environments (interstellar medium, planetary at-
mospheres and crude oil) and ease of synthesis [31,32]. This can be 
explained as follows: if two molecules with Δ2

min < 0 collide it is ener-
getically favorable for them to exchange one atom, therefore, the con-
centration of such molecules will gradually decrease, in favor of 
molecules with Δ2

min > 0.
The values of Δ2

min(n, m) for binary molecules can be conveniently 
visualized as a 2-dimensional heatmap. Fig. 1a shows an interpolated 
map of Δ2

min(n, m) for CnOm molecules with n, m up to 15. Red color 
indicates highly stable magic molecules, blue color represents unstable 
compositions (Δ2

min < 0). Light blue regions indicate molecules with 
moderately negative Δ2

min (− 0.4 eV ≤ Δ2
min ≤ 0). Looking at the map, one 

can immediately see that the most fundamental molecules such as car-
bon monoxide (CO), carbon dioxide (CO2), oxygen molecule (O2) indeed 
have the greatest stability (red color in Fig. 1a). In general, magic 
compositions form islands and ridges of stability, scattered throughout 
the map, and will be discussed below.

Another stability criterion characterizes resistance to fragmentation. 
Here we identify molecules that can spontaneously decompose. To this 
end, we consider all possible channels of fragmentation of a given 
molecule for the decomposition into two fragments: 

CnOm → CaOb +Cn− aOm− b,where 0≤ a≤m,0≤ b ≤ n (2) 

The fragmentation energy of each reaction is found as: 

Efrag,2(n,m, a, b)= E(a, b) + E(n − a,m − b) – E(n,m). (3) 

We are looking for the decomposition into the most stable fragments, 
hence, we calculated the minimal value of all fragmentation energies: 

Efrag,2(n,m)=min
a,b

Efrag,2(n,m, a, b). (4) 

The interpolated heatmap of fragmentation energy Efrag,2(n, m) is 
shown on Fig. 1b. We see two big regions with positive values of Efrag,2: 
CnOm molecules (m ~ 0–2) with the highest values of Efrag,2 and a 
Manhattan-shaped region between m = 4 and m = 10. The most resistant 
to decomposition are CO, CO2 and O2 molecules, as well as pure carbon 
clusters. Blue sea contains CnOm molecules that could decompose easily, 

thus, will be investigated further as HEDMs. Fig. 1c illustrates a scheme 
where the compositional areas corresponding to each class are high-
lighted in different colors. Additionally, it visually summarizes molec-
ular fission of unstable compositions (where Efrag,2 > 0): it is represented 
by an arrow pointing toward the largest fragment obtained during 
fission. The color of each arrow indicates the smaller fragment of fission: 
O2, O3, CO, CO2.

Additionally, we have used a third criterion, the HOMO− LUMO gap. 
Fig. S1 (ESI, Section 1) shows interpolated heatmaps of gaps for CnOm 
molecules. This gap is a key factor in determining molecule’s electronic 
properties, such as its electronic polarisability (and, hence, reactivity), 
and optical characteristics. Molecules with a wide HOMO-LUMO gap are 
typically more stable and less reactive.

The obtained ground-state structures of CnOm molecules reveal a 
wide variety of structural patterns, depending on stoichiometry and 
molecule size. For further analysis we divided all CnOm molecules into 6 
classes according to structural features and bonding character: (1) and 
(2) pure carbon molecules and molecules with polyenic bonds; (3) and 
(4) cyclic molecules with C-C, C=C, C-O and C=O bonds; (5) molecules 
with only C-O bonds; (6) molecules with peroxy-bonds (-O-O-) and pure 
oxygen molecules. Magic representatives of each class are drawn in 
Fig. 2 and will be discussed below.

The 1st class contains CnOm molecules (where 0 ≤ m ≤ 2), including 
pure carbon molecules and molecules containing 1 or 2 oxygen atoms 
(Fig. 1a). C2, C3, C5, and C7 are linear chains and C10, C14 are rings, 
which agrees with previous studies [40]. CnO and CnO2 molecules are 
linear carbon oxides with one or two terminal oxygen atoms. CmO2 ox-
ides, being cumulenes, following the general formula O=(C = )nO, are 
observed in nature. Among them are metastable carbon suboxide C3O2 
and pentacarbon dioxide C5O2, which is stable in solution [41,42]. Some 
carbon oxides were detected in the interstellar medium: dicarbon 
monoxide C2O [43], tricarbon monoxide C3O [44].

The 2nd class comprises molecules featuring cyclic carbon- 
containing fragments with polyenic substituents terminated by a 
carbonyl group (Fig. 2b). These molecules typically consist of 3- or 4- 
membered rings with several carbonyl C=O fragments and one long- 
chained functional group. The entire π-system of these molecules 

Fig. 2. CnOm molecules with Δ2
min > 0 from classes 1–6, classified by their structural topology. Brown spheres are carbon atoms and red ones are oxygen atoms, 

respectively.
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allows for electron delocalization, which stabilizes the structure by 
lowering its overall energy. Resonance structures of these molecules 
exhibit conjugated polyynic chains with sp-hybridized carbon atoms.

The 3rd class are planar oxocarbons with (poly)cyclic structure 
(Fig. 3c). It includes molecules CnOm with m ≥ 3 and m/n ≤ 1, excluding 
those belonging to 2nd class. Oxocarbons from this class possess the 
highest values of the HOMO-LUMO gap (see Fig. S1, ESI). This class 
contains anhydrides and oxalates, among which are, for example, mel-
litic anhydride (C12O9) and dioxane tetraketone (C4O6) [20]. Dioxane 
tetraketone (C4O6) can be synthesized by reacting oxalyl chloride 
(C2O2Cl2) with silver oxalate (Ag2C2O4) at low temperature and pres-
sure under an inert atmosphere. Mellitic anhydride was obtained as a 
derivative of the corresponding acid from mineral mellite by Friedrich 
Wöhler [45,46] and dioxane tetraketone obtained in solution of diethyl 
ether [20].

Molecules with stoichiometry O/C = 1 ((CO)n and n ≤ 12) form the 
3rd class of molecules. This stoichiometric group is one of the most 
studied theoretically [47]. Previously, it was assumed that (CO)m 
ground-state molecules have cyclic structures with carbonyl groups. On 
the contrary, we have discovered that ground-state structures of these 
molecules do not have a single topological pattern. C2O2 has a triplet 
ground state, whereas all other molecules of this class are in the singlet 
ground state.

We assign non-planar (poly)cyclic molecules to a distinct 4th class 
(Fig. 2d). This class comprises relatively large CnOm (m ≥ 7) molecules, 
which generally fall between (CO)n and (CO2)n. What sets this class apart 
from the 3rd one is the presence of cycles sharing a common carbon 
atom, with the exception of the condensed rings found in the C5O9 
molecule. Additionally, molecules of this class do not contain carbonyl 
C=O fragments as functional groups of cycles.

(CO2)n (n ≤ 7) molecules comprise the 5th class (Fig. 2e). Its main 
distinction from the previous classes is the absence of C-C bonds. Olig-
omers of CO2 have only carbonyl C=O bond and ether C-O-C bonds. 
They exhibit structural similarity, with all molecules beginning with 
C2O4 units constructed from -O-C(=O)- building blocks. Our predicted 
ground-state structures of small (CO2)n (n = 2, 3) are consistent with 
structures discussed lately [48]. As the value of n increases, molecules 
with 4-membered rings are found, followed by 6-membered rings and 
larger rings. (CO2)n molecules have the highest values of Δ2

min, which 

speaks of their synthetic possibility (Fig. 1a). This has been experi-
mentally confirmed; for instance, C3O6 has been synthesized [49].

The 6th class contains oxygen-rich CnOm molecules and pure oxygen 
molecules Om. These molecules have O/C > 2 (Fig. 2f) and have O-O 
bonds. Cyclic oxygen-rich COm (m = 3–8) molecules were extensively 
studied theoretically by Kaiser and Mebel [1]. They discovered that for 
molecules with m ≥ 5 it is more favorable to form one cycle rather than 2 
fused cycles, which agrees with our results. CO3, CO4, CO5 [50], CO6 
[51] exist in low-temperature matrices of CO2 ices. As for pure oxygen 
molecules, besides O2 and O3 we obtained several closed-ring On mol-
ecules, e.g., hexaoxygen O6 and octaoxygen O8; they are structurally 
similar to S6 and S8 [33], respectively. Structures and stability of Sn 
molecules were recently studied in our group [36].

The examples provided above demonstrate that the magicity crite-
rion (Δ2

min) can provide insight into the chemical synthesis of CnOm 
molecules. Molecules with a positive Δ2

min value are easier to synthesize 
and more frequently observed across various environments.

4. HEDMs basing on CnOm molecules

This section is focused on studying the potential of using CnOm 
molecules as high energy density materials. Knowledge of the energies 
of molecules in the whole compositional area allows one to estimate the 
energy released during the decomposition of each molecule. Further we 
will consider several different processes - (1) decomposition into an 
arbitrary number of fragments and (2) rough approximation of decom-
position of the corresponding molecular crystal into more stable com-
pounds. To get closer to real conditions, we considered the process at 
300 K, so, instead of the internal energy taking the Gibbs free energy. 

(1) First, we calculate the maximum energy that can be obtained 
from a given molecule by breaking it down into smaller frag-
ments. So, we consider decomposition into an arbitrary number 
(k) of fragments:

CnOm → Cx1Oy1 +Cx2Oy2 +… + CxkOyk, (5) 

where expressions x1+ x2 + … + xk = n and y1+ y2 + … + yk = m should 
be satisfied. The energy of this reaction, normalized by the molar mass of 
original molecule, is: 

Fig. 3. Interpolated heatmaps showing (a) ΔGfrag - energy release in fragmentation reactions into the most favorable set of smaller molecules and (b) ΔGrelease height 
above the convex hull, where G is the Gibbs free energy of each cluster calculated at 300 K. Dashed and dot-dashed lines show O/C ratios equal to 1 and 2, 
respectively. Stars denote magic molecules (Δ2

min > 0), larger stars indicate magic molecules promising as HEDMs.
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where M(CnOm) is the molar mass of the CnOm molecule and G is Gibbs 
free energy. We are looking for the decomposition into such fragments 
that the released energy be minimal: 

ΔGfrag(m, n)= min
k,x1,…,xk− 1,y1,…,yk− 1

ΔGfrag(m, n, k, x1,…, xk− 1, y1,…, yk− 1).

(7) 

The value of ΔGfrag essentially shows how much energy can be ob-
tained from a given compound per unit mass. The higher this value, the 
more promising the molecule is as a HEDM. Fig. 3a displays the inter-
polated heat map of ΔGfrag(m, n). The pattern of the ΔGfrag roughly 
coincides with the pattern of Efrag,2, taken with the opposite sign: the 
values of ΔGfrag are higher for molecules with m = 3–4 or with O/C ≥ 1, 
and the greater O/C, the greater the value of ΔGfrag. The highest values 
of ΔGfrag are reached for molecules with O/C > 2 or belonging to a small 
island consisting of 3 molecules (C2O2, C2O3 and C3O3). However, 
molecules with an O/C > 2 contain excess oxygen, which tends to easily 
detach as O2 molecules. The molecules C2O2, C2O3, C3O3 are not magic, 
so their synthesis may face difficulties. Thus, the compositional region 
between and including lines 1 ≤ O/C ≤ 2 corresponds to the molecules 
that have the potential to be experimentally obtained and have 
reasonably high ΔGfrag. 

(2) Secondly, we want to find roughly how much energy is released 
during the decomposition of a molecular crystal, consisting of 
corresponding molecules, into the most stable compounds. For 
this purpose for each compound CnOm we calculate the energy of 
formation using the formula:

ΔGform = [G(CnOm) − G(C)*n − G(O)*m]
/
(n+m), (8) 

where G(CnOm) - Gibbs free energy CnOm compound, G(C) and G(O) - 

energies per atom of the most stable compounds consisting of pure 
carbon and pure oxygen, which are graphite and molecular oxygen, 
respectively. Then we plot ΔGform as a function of composition x = m/(n 
+ m) and we find the convex hull of all these points. The points lying on 
the convex hull correspond to the thermodynamically stable phases, and 
the height above the convex hull (ΔGh) indicates the decomposition 
energy of the given compound. At normal conditions (p = 1 atm and T =
300 K) the convex hull consists of only graphite, molecular oxygen and 
CO2 gas.

In this study we use a simplified approach, in which we consider only 
individual CnOm molecules (neglecting the weak intermolecular van- 
der-Waals interactions). This allows us to estimate the value of the en-
ergies of formation without conducting complex predictions of the 
structures of the corresponding molecular crystals. Consequently, for the 
value of G(CnOm) we took the Gibbs free energy of a single molecule 
CnOm. For pure carbon, instead of crystalline graphite, we take the 
largest magic carbon molecule considered here - C14 (this has the lowest 
energy per atom among carbon molecules studied here). For oxygen, we 
take the O2 molecule in its triplet state. Calculated convex hull for all 
considered CnOm molecules is given in Fig. S2, ESI Section S1. Com-
pounds lying on the convex hull are C14, C15O2, C15O9, CO2, O2. In 
comparison with the conventional convex hull for the bulk C-O system, 
C15O2 and C15O9 appear on the convex hull. This is attributed to the 
energy difference between C14 molecule and graphite (the true stable 
bulk phase of carbon).

Finally, decomposition energy per mass is calculated as follows: 

ΔGrelease =ΔGh*(n+m) / M(CnOm). (9) 

The interpolated heatmap of ΔGrelease is shown in Fig. 3b. One can 
see that ΔGrelease follows the same pattern as in Fig. 3a, except small CnO 
molecules (n = 2–8), which have quite high values of ΔGrelease. However, 

Table 1 
The most promising high energy density CnOm molecules uncovered in our study (enumerated, their structures are shown in the right part of the table), given together 
with their caloricity, ΔGrelease. ΔGrelease is given in MJ/kg for comparison of the heat of explosion of TNT (4.2 MJ/kg).

N◦ Molecule ΔGrelease (MJ/kg) ΔGrelease (CnOm)

ΔGrelease (TNT)

1 C4O9 3.4 0.81
2 C4O8 3.3 0.78
3 C6O13 3.3 0.77
4 C6O12 3.2 0.75
5 C5O10 3.1 0.74
6 C7O14 3.1 0.73
7 C2O5 3.0 0.72
8 C2O4 3.0 0.71
9 C4O7 2.9 0.69
10 C7O12 2.8 0.67
11 C5O9 2.8 0.66
12 C8O13 2.7 0.65
13 C3O6 2.7 0.65
14 C7O11 2.6 0.62
15 C9O14 2.6 0.61

ΔGfrag(m, n, k, x1,…, xk− 1, y1,…, yk− 1)=1
/

M(CnOm)*(G(m, n) – G(x1, y1) – … – G(xk, yk)), (6) 
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these molecules are reactive and difficult to obtain. Molecules with O/C 
ratio significantly greater than 2 are also difficult to synthesize due to 
the instability of the peroxy O-O bonds. Thus, we confirm that the best 
candidates for HEDMs are molecular compositions between 1 ≤ O/C ≤ 2 
or near this range. Among such molecules we have identified magic ones 
which are the most promising compounds as HEDMs (they are marked 
by large asterisks on Fig. 3), as they can be synthesized more easily than 
others. Another area with relatively high ΔGrelease (and ΔGfrag) is CnO3 
and CnO4 molecules. However, among them, the only magic molecules 
are C2nO4 (n = 1–4), which contain 4-membered carbon rings. The 
height above the convex hull for 2,4,6-trinitrotoluene (4.203 MJ/kg) is 
close to the experimental value of its decomposition energy (4.190 MJ/ 
kg), which indicates that our approximation works well.

This way we identified 32 high energy density CnOm molecules with 
caloricities comparable to those of well-known HEDMs, like TNT (2,4,6- 
trinitrotoluene). To do this we take the theoretical heat of explosion as 
ΔGrelease and convert it into units used in practice (MJ/kg) from meV/a. 
m.u. used in quantum chemistry; CnOm molecules with ΔGrelease > 2.5 
MJ/kg are presented in Table 1 (full data is given in Table S1, ESI, 
Section 1). For example, the theoretical heat of explosion for C4O9 is 3.4 
MJ/kg, which is ~80 % of the heat of explosion of TNT (4.19 MJ/kg).

5. Conclusions

We have performed a systematic search for ground-state structures of 
all CnOm molecules in a wide compositional area (0 ≤ n, m ≤ 16) using 
the global optimization algorithm USPEX and DFT calculations. When 
considering which molecules are more likely to form, we applied the 
concept of “magicity” that proved fruitful in previous studies of nano-
clusters and molecules. Such moleeules are the likeliest ones to appear in 
chemical reactions and to be found in nature (e.g. in the interstellar 
medium). We also investigated the fragmentation paths and energies of 
CnOm molecules. Based on general chemical thinking, the most favorable 
fragmentation channel involves the formation of the CO₂ molecule, 
which was confirmed by our calculations. Using the data obtained, we 
proposed a strategy to identify the most promising candidates as high 
energy density materials (HEDMs) by highlighting molecules that are 
likely to form (i.e. magic) and capable of releasing significant energy 
upon decomposition. The most interesting HEDMs are molecules in or 
near the range 1 ≤ O/C ≤ 2, their thermal characteristics reaching up to 
80 % of those of TNT. It is indeed surprising and inspiring how much can 
be discovered about such a seemingly well known system as C-O, with 
numerous carbon oxides finally understood within a unified picture 
where the concept of magicity explains the existence of the observed 
molecules.
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