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The transformation of carbon monoxide from a molecular liquid to a polymeric solid under isother-
mal compression at room temperature is investigated using first principles theory. We report struc-
tural and thermodynamic properties from ambient density up to 2.45 g/cc obtained using density
functional theory molecular dynamics simulations, including hybrid exchange corrections. The the-
oretical results are compared with newly obtained polymeric CO samples, synthesized in a large
volume press. The explosive performance of polymeric CO is predicted and discussed. Under most
favorable assumptions, it is found to be comparable to trinitrotoluene.

I. INTRODUCTION

The application of high pressure (P ) and tempera-
ture (T ) (HPHT) offers a unique way to synthesize novel
materials and complements traditional chemical meth-
ods [1, 2]. An area of significant current interest is the
transformation of light-element molecular compounds
under compression [3–5]. When subject to external pres-
sure and/or temperature, the multiple intra-molecular
bonds in molecular solids and liquids tend to break,
chemical bonds are extended to neighboring molecules
(polymerization), and extended covalently bonded struc-
tures are formed. The interest in these polymeric phases
is partially motivated by the hope that they can be recov-
ered to ambient P and T conditions, where they will be
in a high energy metastable state. A large amount of en-
ergy can be subsequently released upon a transformation
to a thermodynamically stable phase.

Depending on the amount of energy and the release
process, these new materials can have different applica-
tions ranging from energy storage to propellants and ex-
plosives. The potential usefulness of such materials de-
pends on the ability to produce significant amounts of the
high energy density (HED) state and to preserve the at-
tained high-pressure modifications to near-ambient con-
ditions. Much of the research to date has thus focused
on attempts to make the synthesis conditions more ac-
cessible by various chemical and physical means, and to
understand and improve the metastability of the HED
phases [6–12].

The polymerization transitions of molecular com-
pounds at high pressure can be divided into two types
as described by Brazhkin [3]. First, there are phase tran-
sitions between two phases in thermodynamic equilib-
rium, where the molecular structures have the lowest
Gibbs free energy at ambient or low P , and the poly-
meric one at high P . An example of this is the formation
of a covalently bonded polymeric nitrogen solid, called
the cubic-gauche phase (cg-N). This phase was first pre-
dicted theoretically by Mailhiot et al. [13] and later syn-
thesized experimentally by Eremets et al. [14]. This at-
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tracted intense interest from both the theoretical and ex-
perimental communities. Indeed, for cg-N, the computed
amount of stored energy is about three times that of trini-
trotoluene, which exceeds the performance increments of
energetic materials over the last century by a huge mar-
gin. However, because the transition from molecular to
cg-N is thermodynamic and because the polymeric phase
has a large amount of stored energy, the transition re-
quires significant pressure, and to overcome kinetic bar-
riers, high temperature (specifically around 110 GPa and
2000 K [14]). A lot of research has focused on reduc-
ing the transition pressure in pure nitrogen and anal-
ogous transitions in nitrogen compounds [15–17]. But
for this type of transition there is invariably a tradeoff
between accessibility of synthesis conditions and stored
energy content.

A second type of transition takes place in systems
where the low-pressure molecular phase is actually
metastable at ambient conditions and the polymeric is
the thermodynamically stable state for the given chem-
ical composition. These transitions are kinetic. They
tend to take place at much lower pressure compared to
the first type, and the newly formed materials are recov-
erable. Yet elevated pressure is still required to reach the
polymeric phase because simply heating the molecular
phase without statically compressing [18] usually leads
to a decomposition (e.g CO(g) to CO2

(g) + C). Since the
polymeric phase is at equilibrium, energy release must in-
volve a chemical decomposition. To date, carbon monox-
ide (CO) is the best candidate for a useful energetic ma-
terial known from this group.

Polymeric CO (p-CO) was first reported by Katz et
al. [19]. Since its discovery, p-CO has been studied exten-
sively both experimentally [20–25] and theoretically [26–
29]. However, questions about the structure of p-CO,
its metastability, and energy content remain unsettled.
The transition from molecular CO (m-CO) to p-CO was
measured to take place at around 5 GPa at 300 K. When
synthesized using the HPHT approach, p-CO has been
found to be amorphous, and the structure of the recov-
ered material depends on the experimental P -T path-
way. The small mass of synthesized samples has made
the unambiguous determination of energy content diffi-
cult. On the simulation side, first principles theoretical
studies [27, 28] within density functional theory (DFT)
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have found p-CO phases which are preferred energetically
over m-CO at low pressure. In the DFT calculations, the
relative stability of different structures as a function of
pressure depends on the choice of exchange functional.
These studies were limited to 0 K static solids, and the
predicted p-CO phases are crystalline. They do not pro-
vide information for kinetic transitions and do not allow
direct comparison to the experimental amorphous p-CO
structures. Constant pressure molecular dynamics simu-
lations were performed by Bernard et al. [26], compress-
ing orientationally disordered solid cubic cells. Due to
the available computational power at the time, they were
limited to small systems (32 molecules) and few thermo-
dynamic conditions (9.8 and 15 GPa). In the work of
Rademacher et al. [29], orientationally disordered solid
cubic cells were used as a model for a liquid and were
compressed to various densities at 0K.

The purpose of this article is to address some of these
limitations and provide a consistent theory-experiment
description of the CO polymerization at finite tempera-
ture, which will pave the path for further studies of po-
tentially energetic materials synthesized using the HPHT
technique.

To account for kinetic effects, the CO phase diagram is
explored theoretically and characterized with first prin-
ciples molecular dynamics calculations (FPMD). Our re-
sults show excellent agreement between theory and ex-
perimently observed transition pressures (at 300 K), for
more than 60 samples successfully synthesized in a large
volume press (yielding a total sample mass of more than
150 mg). The theoretically calculated density and heat
of formation of p-CO are used to predict its explosive
performance in the context of known energetic materials.

II. COMPUTATIONAL METHOD

To make direct comparison to measurements, the
polymerization of CO was initially studied along the
300 K isotherm with FPMD simulations using finite-
temperature density functional theory (DFT) [30] within
the Perdew-Burke-Ernzerhof generalized gradient ap-
proximation (PBE-GGA) [31] as implemented in the Vi-
enna ab initio simulation package (VASP) [32]. The
FPMD simulations were carried out in the canonical
(constant number of particles N , volume V , and tem-
perature T ) ensemble using Born-Oppenheimer dynam-
ics with Langevin (for initial equilibration) and Nosé-
Hoover thermostats. For the production runs, cubic su-
percells with periodic boundary conditions and 128 CO
molecules (256 atoms) were used. Additional simulations
were performed with 56 CO units, where no significant
differences were found for the quantities of interest, con-
firming the convergence of the larger simulations with
respect to system size. During the FPMD, the Brillouin
zone was sampled with a single k−point at Γ and conver-
gence tests were carried out with a k−point at ( 1

4 ,
1
4 ,

1
4 )

in the Brillouin zone. Four- and six-electron projector

augmented wave (PAW) pseudopotentials with 1.50 and
1.52 Bohr core radii were used for C and O respectively,
with a 550 eV plane-wave cutoff energy. The FPMD sim-
ulations were run with a 0.75 fs ionic time step.

The system was initially equilibrated at pressure below
1 GPa (density ρ = 0.88 g/cc) and temperature 300 K
in a molecular liquid state. It was then gradually com-
pressed in steps. At each step, the volume was decreased
by less than 1 % and the system was equilibrated for
about 100 fs. For selected densities, long simulations of
at least 7 ps were carried out in order to obtain equilib-
rium thermodynamic and structural data. After reaching
full polymerization, the same procedure was performed
in reverse, increasing the volume in steps and performing
longer FPMD runs at the selected densities. Special care
was taken to ensure that the final states were not depen-
dent on the starting atomic configurations. For this pur-
pose, longer equilibration runs were performed using dif-
ferent initial atomic configurations. Moreover, the poly-
merization was simulated along different P -T pathways
as described below.

The transition from m-CO to p-CO is driven by sig-
nificant changes in the electronic structure of the ma-
terial, which can lead to non-cancellation of exchange-
correlation errors. The PBE-GGA functional of DFT
is known to favor extended over molecular solids; in
the case of CO, this is evident from previous theoreti-
cal studies [28]. In order to obtain an accurate equa-
tion of state (EOS) and compute the energy content of
recovered CO, we carried out additional calculations us-
ing the Heyd-Scuseria-Ernzerhof (HSE) hybrid exchange
functional [33]. We have previously tested the HSE func-
tional on a number of diverse systems and have found it
to have excellent performance for describing phase tran-
sitions under high pressure [34–36]. The HSE correc-
tions to the PBE-GGA pressures and energies were cal-
culated from isolated atomic configurations taken from
the FPMD trajectories. The resulting corrections were
averaged over the sampled snapshots. We found that five
well-separated configurations from a given trajectory are
sufficient to converge the average corrections for all sys-
tems considered; we used at least seven configurations
in each case. The HSE corrections obtained this way
are within first order thermodynamic perturbation. We
confirmed that the fluctuations in the energy corrections
(the second order term) are negligible, indicating that
the PBE-GGA FPMD trajectories are sufficient.

In order to compute the energy release during decom-
position of p-CO to CO2 and C at ambient conditions, we
carried out additional FPMD simulation of CO2 in the
Pa3 phase and of C (diamond ) along the 300 K isotherm
(energy differences between diamond and graphite are
insignificant for our purposes). These were performed
with VASP as well and using the same pseudopotential
and simulations parameters as CO. HSE corrections were
computed for these systems as well.

In addition to characterizing the p-CO phases and de-
termining their stability regions, these data are used to
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FIG. 1. Computed structural properties of CO during com-
pression along the 300 K isotherm. Plotted are the fractions
of different atomic configurations found in the system. The
numbers after the element names in the legend indicate the
coordination of the given atomic species. Oxygen atoms are
only bonded to carbon. In the polymeric chains, the majority
of carbon atoms are three- (C3) and four- (C4) coordinated,
where they are bonded to a single O and two or three C
atoms, respectively. The images above the graph show, from
left to right: (1) liquid configuration before the onset of poly-
merization; (2) characteristic clusters in the initial partially
polymerized CO, and (3) characteristic clusters in p-CO at
density above 1.8 g/cc.

draw parallels between the structural properties of liq-
uids and finite-T solids. These comparisons provide ad-
ditional confidence for the validity of the p-CO simulated
here.

III. RESULTS

A. Polymerization in FPMD at 300 K

In the FPMD simulations along the 300 K isotherm up
to 20 GPa, CO exhibits three regions with different local
order and bonding properties. The structural properties
characterizing the distinct stages of polymerization are
summarized in Fig. 1.

Upon compression, the CO liquid freezes at a density
above 1.3 g/cc. As evident from Fig. 1, the CO molecules
remain initially intact. The polymerization commences
at a density above 1.7 g/cc. The initial state (around
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FIG. 2. Computed vibrational power spectra of molecular and
polymeric CO. For p-CO, the vibrational modes are projected
on the C and O atoms. The density of each system is indicated
in the legend. The corresponding pressures (HSE) are 4.6 GPa
for m-CO and 1.99 and -0.61 GPa for p-CO at 1.215 and 2.063
g/cc, respectively. The arrow indicates the CO gas phase
molecular vibron frequency. The vertical grey lines are the
peak positions of IR measurements reported in Refs. 21 and
23. The exact locations of the peak positions are according to
Ref. 21, except the one at 1000 cm−1, wich is only reported
in Ref. 23.

1.8 g/cc) is a molten liquid compromised of a mixture
of molecular and polymeric CO. The characteristic poly-
mers are chained hexagonal C5-O rings, terminated with
single coordinated O atoms. There is still a significant
fraction (about 50%) of CO molecules. The structural
properties gradually evolve upon further compression un-
til almost full polymerization is achieved by 2.2 g/cc, at
which point the system is also frozen in an amorphous
solid. At density 2.45 g/cc, 93% of all carbon and oxygen
atoms are bound in extended polymers. The characteris-
tic polymers here are chained C4-O and C3-O2 pentagon
rings, connected to each other by three-coordinated C or
bridge O atoms. The chains are again terminated with
single-coredinated O (see Fig. 1).

After decompression of the system starting from the
polymeric state, as described in the Methods section, the
p-CO state is recovered to ambient pressure. It was sim-
ulated at ambient P for over 10 ps and its structure was
compared to the initial high-P solid. No structural dif-
ferences were found, confirming that p-CO is recoverable
to ambient pressure within single-phase FPMD.

Fig. 2 shows computed vibrational power spectra
obtained from velocity autocorrelation analysis of the
FPMD trajectories. The selected density for m-CO is just
before the onset of polymerization, while that for p-CO is
2.215 g/cc, where the transition has completed. The ad-
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FIG. 3. Pressure-density EOS of CO at 300 K obtained from
FPMD simulations within PBE-GGA (dashed lines) and with
hybrid exchange (HSE) corrections (solid lines). For each ex-
change functional, the two branches of the hysteresis corre-
spond to compression, starting from m-CO, and decompres-
sion, where CO is polymeric. These are indicated with arrows.
The onset of polymerization during compression is indicated
by a dashed arrow.

ditional p-CO spectra at lower density shown in the figure
demonstrate the weak pressure dependence of the vibra-
tional modes, at least around this density. The decom-
position into carbon and oxygen vibrational states shows
a difference in partial power spectra below 500 cm−1 and
between 1000 and 1500 cm−1. The former is dominated
by O states and originates in bending modes of dangling
oxygen atoms from the CO polymers. The latter rep-
resents the modes of polymeric rings and chains made
of majority carbon atoms. Finally, the remaining peak
around 2150 cm−1 confirms the remaining presence of a
small fraction of CO molecules (8% in our simulations).

The theoretical results are compared in Fig. 2 with
experimental data. The frequency of the CO stretch-
ing mode in the gas phase is slightly underestimated,
but fully within the expected accuracy of DFT. For the
polymeric CO, the comparison is with experimental IR
measurements [21, 23] collected at ambient pressure and
8.7 GPa. While the theoretical conditions differ, the
results can be compared thanks to the weak pressure-
dependence of the frequencies. The agreement between
theory and experiment is indeed good. The theoretical
spectrum accounts for and matches well all experimental
peaks.

The pressure-density equation of state (EOS) com-
puted within the PBE-GGA functional is shown in Fig. 3.
The data are obtained directly from the PFMD as de-
scribed in the Methods section by averaging the P ’s over
the last 5 ps of the trajectories at each density point.
The onset of the polymerization transition is at around
8 GPa and is accompanied by a drop in pressure; the
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FIG. 4. Enthalpies of the simulated CO phases during com-
pression and decompression at 300 K. These include m-CO,
p-CO and an intermediate mixture as discussed in the text.
For comparison, we have indicated the energy the crystalline
Pna21 structure. Here 1/2(CO2 +C) is one half the enthalpy
of CO2 in the Pa3 phase and C in diamond, per CO unit. All
enthalpies and pressures are HSE-corrected.

volume change along the 8 GPa isobar at 300 K is about
38 %. The EOS during decompression (red points in
Fig. 3 exhibits hysteresis and reflects the stability of p-
CO.

The EOS are corrected with HSE exchange calcula-
tions as discussed above and the results are shown in
Fig. 3 together with the PBE-GGA EOS for comparison.
The HSE decreases the pressure for both molecular and
polymeric CO, with the effect being more pronounced
in the latter. Importantly, this significantly increases the
density of the recovered p-CO to 2.1 g/cc at 0 GPa. Note
that the transition pressure from m-CO during compres-
sion is also decreased. Due to the kinetic nature of the
transition, it is difficult to state an exact value for where
it commences. At 5 GPa (HSE corrected P ), there is no
indication the system will transform within the 10 ps of
the simulation. When compressed to 7 GPa, the trans-
formation starts after about 2 ps. Thus, we can estimate
that the m-CO to p-CO transition takes place between 5
and 7 GPa. Another reasonable question is whether the
transition dynamics would be different if the molecular
dynamics simulations were performed within HSE. We
calculated the energy fluctuations of the HSE energy cor-
rections and found them to be negligible. This indicates
that the PBE-GGA and HSE ensembles are sufficiently
close.

The hybrid exchange corrected enthalpies for the sys-
tems relevant for determining the thermodynamic stabil-
ity of p-CO are also shown in Fig. 4. Amorphous p-CO
is the preferred phase over m-CO at all pressures consid-
ered here, which confirms that the transition is kinetic
and explains the relatively low polymerization pressure
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(compared to, for example, nitrogen). Naturally, amor-
phous p-CO has higher energy than crystalline p-CO (the
enthalpy of the Pna21 structure from Ref. 28 is shown
in the figure), which also makes it more energetic. The
energy release from CO is associated with its decompo-
sition to CO2 and C. According to our calculations, the
enthalpy change during this reaction at 0 GPa and 300 K
is 1.15 eV/CO or 111 kJ/mol. We can also determine the
energy release during the burning of p-CO to CO2, which
is 259 kJ/mol.

B. Experimental data

A direct comparison of the theoretical predictions
shown in Fig. 3 with experimental data is challenging;
probing a sample of molecular CO in the solid state at
pressures higher than about 3 GPa will result in photo-
induced conversion [20, 21, 23, 37, 38] to some type of
inter-connected (polymerized) state. Whether the con-
verted material is of the same type or different is an open
question. Probing by X-rays also leads to a conversion
that starts at an even lower pressure [to be published
elsewhere] and again, it is not clear whether this conver-
sion leads to a different type of polymerized solid. Similar
conversions have possibly been observed by exposing ox-
alate materials to X-rays [8]. For a detailed summary
of the cryogenic loading process of carbon monoxide see
Ref. 39.

In the absence of such investigations it is reasonable
to question whether the nature of the polymerized CO
is affected by the synthesis conditions which are difficult
to determine exactly, particularly in large volume press
experiments. Again, this type of experiment presents
unique challenges since the tungsten carbide anvils in
a large volume press tend to develop micro-cracks that
open a pathway for some of the starting material to es-
cape [40]. Numerous attempts were undertaken to miti-
gate this loss of starting material without clear success.
A large loss of starting material (up to 90%) has also
been observed previously by Mills et al. [20].

Another more fundamental reason for the loss of ini-
tial material could be the gradual development of the
structure described by the theory under III.A. Theoreti-
cally the polymerization starts at 1.7 g/cc with a mixture
of molecular and polymeric material that does not com-
plete until a density of 2.2 g/cc is reached. Presumably
the degree of polymerization increases with density in-
side this interval. This is consistent with the observation
that newly made samples are sources of CO gas (Evans
et al. [23]).

Fig. 5 plots the density of recovered samples from
about 70 synthesis runs on dependence of the maximum
volume compression ratio V/V0 during synthesis. A loose
correlation can be observed. Fig. 6 shows the correspond-
ing dependence on nominal synthesis pressure. The den-
sity was calculated by weighing the recovered material on
a microbalance with a precision of 0.1 micrograms and
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FIG. 5. Density of poly-CO versus compression ratio V/V0.
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FIG. 6. Density of recovered poly-CO versus maximum pres-
sure during synthesis. For each pressure there appears to be
a maximum density. Lower observed densities are attributed
to loss of starting material during cryogenic loading or subse-
quent compression.

measuring the volume of the empty gasket hole via the
inside diameter (by caliper) and the height of the gasket
in the direct vicinity of the sample cavity (by microme-
ter).

The pressure was estimated using the load of the press,
F , and the area of the gasket, A, using the relationship
P ∼ 2F/A based on a parabolic stress distribution across
the gasket [22, 40]. The approximate threshold pressure
region is drawn for a synthesis without assistance by en-
ergetic photons as was the case for all the synthesis runs
reported here.
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The theoretical calculations for the density of recov-
ered material at ambient conditions find a value of
2.1 g/cc (1.5 g/cc within PBE-GGA), which is within
the experimentally observed density range. Additionally,
the data support the conclusion that the recovered ma-
terial might retain a memory of the maximum pressure
encountered during synthesis, as seen in Fig. 6. The high-
est densities measured by us were in the 2.2 g/cc range,
comparable to the 2.1 g/cc calculated by the HSE cor-
rected pressure-density EOS.

C. Thermochemical calculations of explosive
performance

An assessment of the possible explosive properties of
p-CO can be made based on thermochemical calcula-
tions. The calculations [41] require as inputs, compo-
sition, mass density, ρ, and heat of formation, ∆Hf . In
principle, these quantities can all be obtained from ex-
periment, whereas in practice, reproducible and unam-
biguous values have been difficult to obtain. Polymeric
CO is known to evolve CO and CO2 gas if exposed to
a low-pressure atmosphere, while in humid conditions is
known to absorb water. While it seems the shelf life
of the material can be extended by sealing it in a re-
duced volume, these characteristics, together with the
relatively small amount of available material, make pre-
cise estimates of recovered composition doubtful. ∆Hf

has not been experimentally determined at all, at least
by us, primarily because of the small amount of syn-
thesized material; this should however be a priority for
future research. Mass density is relatively simple to mea-
sure as described above. However, as shown in Fig. 5 and
6 (sample densities) measured values span a wide range:
∼ 0.65 to 2.2 g/cc (this wide range incidentally further
compounds the difficulty of obtaining composition and
∆Hf , which may exhibit a corresponding variation even
if accurately measured). The average value of ρ together
with standard deviations is 1.33 ± 0.3 g cm−3 (based on
61 datapoints). For simplicity, our thermochemical cal-
culations are performed for the corresponding upper and
lower estimates and also for the theoretically predicted
value of 2.1 g cm−3. We have assumed a composition
consisting of carbon and oxygen only, and with those el-
ements in the ratio of unity. Fortunately, an estimate of
∆Hf can be obtained from our first principles calcula-
tions and is equal to -95 kJ/mol. Calculated results are
presented in Table I and refer to the Chapman-Jouguet
(C-J) state. They are compared with the correspond-
ing values for some known high explosives and an inert
material, sugar (sucrose).

Explosive performance is usually strongly correlated
with initial density and this is also the predicted behav-
ior for p-CO. The lower estimate of ρ leads to an ex-
plosive performance that is insignificant, but the higher
theoretical value produces a detonation pressure compa-
rable to that of trinitrotoluene (TNT). It is interesting

to note that the predicted temperature of the C-J state
is comparable to that of the known HE triaminotrini-
trobenzene (TATB), while significantly higher than that
of sugar which does not detonate in practice. This sug-
gests that, at least under the assumptions made here,
p-CO may be detonable, albeit with mediocre explosive
performance.

IV. CONCLUSION

We have simulated the polymerization of CO along
isothermal compression at 300 K, emulating typical ex-
perimental conditions. The p-CO state achieved by com-
pression above 1.8 g/cc is shown to be amorphous and
metastable at ambient pressure. Our structural analysis
indicates that the polymerization transition is gradual
and continues to progress, albeit slowly, even at densities
above 2.45 g/cc. A small amount of CO molecules per-
sists to even the highest densities considered here. This
implies that the state of experimentally recovered mate-
rial to ambient P and T , including its density and energy
content, will depend on the compression pathway and the
highest density achieved.

Hybrid exchange (HSE) calculations lead to significant
corrections to the density of recovered p-CO and its rel-
ative enthalpy, compared to the DFT-GGA results. We
have verified the accuracy of the theoretical predictions
by comparing them with newly synthesized p-CO sam-
ples obtained with a large volume press; producing a total
of 150 mg of p-CO. The theoretical recovered density is
within the range of experimental values. The calculated
density and heat of formation of p-CO were then used to
evaluate p-CO as an energetic material. While its useful-
ness as such remains questionable, it is important to note
that the recovered p-CO state depends on the synthesis
conditions, as discussed above. A large part of the CO
phase diagram, as well as synthesis approaches including
using thermodynamic and impurity stimuli, remain un-
explored. We expect that the present work will stimulate
further studies in these directions.
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TABLE I. Calculated Chapman-Jouguet conditions for various materials. Input parameters are composition, mass density, ρ,
and heat of formation, ∆Hf . Predicted quantities are pressure, P , temperature, T , shock velocity, us, and particle velocity, up.
Values for polymeric carbon monoxide (p-CO) correspond to the lower and upper standard deviations of the experimentally
measured densities, and the theoretically predicted density, respectively. Composition is assumed to be C/O = 1 in all three
cases. The heat of formation of p-CO is the theoretically predicted value.

ρ(g/cm3) ∆Hf (kJ/mol) P (GPa) T (K) us(km/s) up(klm/s)
p-CO 1.03 (lower) -95 3.94 2439 3.97 0.96
p-CO 1.63 (upper) -95 11.6 2852 5.72 1.24
p-CO 2.10 (theory) -95 21.1 2614 7.10 1.42
TNTa 1.654 -63.2 20.1 3222 7.21 1.69

HNIWb 2.044 377.4 44.4 3772 9.88 2.20
TATBc 1.937 -140.0 32.5 2484 8.42 1.94

Sugard 1.892 -2,223.38 10.7 1173 6.33 1.04

a Trinitrotoluene (C7H5N3O6)
b Hexanitrohexaazaisowurtzitane, “CL-20” (C6H6N12O12)
c Triaminotrinitrobenzene (C6H6N6O6)
d Sucrose (C12H22O11)


