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Controlling the Bonding and Band Gaps of Solid Carbon Monoxide with Pressure
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We use a combination of a searching method and first-principles electronic structure calculations to
predict novel structures of carbon monoxide (CO) which are energetically more stable than the known
structures. The most stable forms of CO at zero pressure consist of metallic polycarbonyl chains with
single and double bonds, rather than the familiar triply bonded insulating CO molecules. At pressures
>2 GPa the most stable phases are semiconducting and insulating singly bonded three-dimensional
framework and layered structures. We also find a molecular Pbcm structure which is more stable than the
R3c structure proposed previously for the observed e phase.
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Pressure-induced polymerization of molecular crystals
results in materials with entirely new electronic, optical,
and physical properties [1,2]. CO is one of the most exten-
sively studied molecular crystals [3—12]. Studies of poly-
merization of CO are motivated by the desire to understand
the fundamental physics and chemistry of geological and
planetary processes, where CO is present, and to search for
new materials [13] exhibiting properties such as ‘“‘high
energy density” [10] and “‘superhardness” [14,15].

CO has the strongest chemical bond known and it shows
some similarities to molecular nitrogen (N, ), which has the
strongest homopolar bond. CO and N, molecules are iso-
electronic and isostructural and they are characterized by
very strong and short triple bonds. The CO molecule has a
very small dipole moment and it is therefore expected to
form structures similar to N,. Molecular phases of CO
and N, become unstable at high pressures because struc-
tures with single and double bonds are in general denser.
Polymeric CO is also expected to be a good candidate
high-energy-density material, as considerable energy is
released on decomposition into C and CO, [10-12]. So
far, only amorphous polymeric CO has been found in high
pressure experiments.

Liquid CO transforms from the fluid to a disordered
hexagonal solid (8-CO) at 68.2 K on cooling at ambient
pressure, and freezes into an ordered cubic structure
(a-CO, space group P2,3) below 61.5 K [3]. On compres-
sion at room temperature, CO transforms from the fluid to
the solid B phase at about 2.5 GPa [4,5], and then into the
disordered cubic 6 phase at about 4.8 GPa [16]. In contrast,
compression of the liquid at low temperatures results in the
solid € phase whose structure has not been fully resolved,
although it has been suggested that it belongs to space
group R3c [4].

CO polymerizes at pressures of 4-5 GPa under laser
irradiation at temperatures >80 K [3,5]. The product is
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recoverable to ambient conditions but is very sensitive to
light and moisture. The infrared (IR) absorption of the
polymeric material was reported to resemble that of
poly-carbon suboxide [17]. Lipp et al. [8] reported that
the IR spectrum of the product is substantially different
from that of poly-carbon suboxide and might be composed
of -(C = 0)-0O-(C-) = C< units. Subsequent investiga-
tions have concluded that the polymer is based on lactone
esters with rings closed by C = C bonds [10,11].
Ceppatelli et al. [12] investigated the effects of pressure
and irradiation and showed that the reaction mechanisms
are highly temperature dependent: the amorphous mate-
rial produced at low temperature (< 300 K) is formed
from polycarbonyl chains containing anhydride groups
[R-(C = 0)-O-(C = O)-R'], while CO, and epoxy rings
are formed at temperatures = 300 K.

Despite these advances, the phase diagram of solid CO is
still far from being understood. In this study, a searching
scheme [18-20] combined with first-principles density-
functional theory (DFT) calculations is used to explore
structures of CO, revealing several novel phases with
very different structural and electronic properties. The
DFT calculations were performed using the Perdew-
Burke-Ernzerhof (PBE) [21] generalized gradient approxi-
mation (GGA) density functional. The main calculations
were performed with the CASTEP plane-wave code and [22]
ultrasoft pseudopotentials. Phonon calculations were per-
formed using DFT perturbation theory and the ABINIT code
[23]. Searches were performed at 5, 20, 40, and 100 GPa,
with 1, 2, 3, and 4 CO molecules per cell (not all combi-
nations of these pressures and numbers of molecules were
studied). We relaxed up to 1000 initial structures per
system. To study the polymeric regime in more detail, we
performed extensive searches at 40 GPa, using initial
structures with 6, 8, or 12 atoms constrained to form poly-
meric chains with 3-coordinated C atoms. Further details
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of the calculations are given in the supplemental
material [24].

The enthalpy-pressure relations of the most interesting
phases are plotted in Fig. 1. Three new molecular struc-
tures, Pbcm, P2, /c, and P4/nmm are predicted to be more
stable than the proposed R3c structure of the € phase. The
most stable of these (Pbcm) is more stable than the «
phase at pressures >0.5 GPa, which is lower than the
experimental transition pressure between the a and €
phases of about 3.4 GPa [4]. The calculated transition
pressure between the a and R3¢ phases is approximately
1 GPa, but at this pressure Pbcm is around 7 meV lower in
enthalpy than both of them. The structure of the € phase
has not been fully resolved [4], and our calculations sug-
gest that Pbcm could be either an additional molecular
phase existing between the a and € phases or a candidate
for the € phase itself.

As shown in Fig. 1(b), polymeric chains (P2;/m and
Pnma) are more stable than molecular phases, even at zero
pressure. At zero pressure, P2,/m is around 0.18 eV/CO
lower in energy than the molecular « phase. We have
performed calculations with the PBE and B3LYP density
functionals both with and without van der Waals dispersion
corrections. None of these calculations gives the molecular
« phase as the lowest in energy at zero pressure, see the
supplemental information [24]. The van der Waals inter-
action is attractive and is therefore expected to reduce
the energies of the denser phases more than the molecular
ones. We also calculated the vibrational free energies of the
phases within the quasiharmonic approximation, finding
that it favors P2,/m over the « phase at low temperatures
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FIG. 1 (color online). Enthalpy-pressure relations for solid
CO. (a) Molecular phases relative to €-CO (R3c).
(b) Molecular, polymer and framework or layered structures
relative to the P2, /m phase.

[24], again supporting our contention that P2,/m has a
substantial region of stability. The P2;/m phase was not
seen in a recent experiment [16], implying that a different
synthesis path might be needed, for instance, quenching
from the high pressure polymeric phases at low tempera-
ture. Alternatively, short polycarbonyl chains [up to
R-(CO)s-R] have already been synthesized by organic
chemists [25], and it is not implausible to imagine that
longer chains could be made.

CO is therefore very different from N, and CO, where
the molecular crystals are the most stable at ambient
pressure. The calculated molecular dissociation pressure
leading to cubic gauche N is about 56 GPa [20] and
20-25 GPa for the a- and B-cristobalite-like structures
of CO, [26]. CO polymerizes at very low pressures and
is sensitive to light [5,8,10,12], while polymerization
of N, and CO, is observed at much higher pressures
of 110-130 GPa in N, [15] and 40-80 GPa [14,27,28] in
CO,. About 1.0 eV per CO (~ 3.5 kJ/g) of energy is
released when P2,/m or Pnma CO decomposes into
C and CO,.

A single-bonded framework structure (12,2,2) is the
most stable in the range 2-55 GPa. Other framework
structures such as C2/c and C2/m often appeared in our
searches but are less stable than 72,2,2;. The single-
bonded layered Cmcm structure is stable at pressures
>55 GPa.

The volumes of Pbcm and the a phase are reduced
by about one half on compression to 5 GPa. Increasing
pressure breaks the C = O triple bonds and the adjacent
C atoms form C-C bonds, resulting in linear chains which
contain a mixture of C-C and C = O bonds, and the
coordination number of the C atoms increases to three.
The lowest-enthalpy P2,/m and Pnma chain structures are
almost degenerate in energy at ambient pressure.

As shown in Fig. 2(b), the P2,/m chains have the same
orientation, while in Pnma they have two orientations and
ABAB packing (see the supplemental material [24]). The
volume of P2,/m at 5 GPa is 1/3 smaller than that of
Pbcm. Polymeric chains based on a C:O stoichiometry of
1:1 were proposed many years ago by Hoffmann and others
[29,30]. Our structural searches give infinitely long chains,
which we expect to be the most stable forms. In the
polymerization process, the starting molecular structure
contains head-to-tail disorder, and only short polycarbonyl
chains tend to form, separated by C-O-C bonds, and the
connecting parts form anhydride groups as suggested by
recent experiments [12].

Breaking the C = O bonds in the chainlike structures
results in single-bonded phases including framework and
layered structures with fourfold-coordinated C atoms.
As shown in Fig. 2(c), the 12,2,2; framework structure
contains five-membered rings consisting of four C atoms
and an O atom, which are connected by C-O-C bonds.
This type of fivefold ring was also seen in an early
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FIG. 2 (color online). Structures of solid CO. (a) Pbcm
(molecular), (b) P2,/m (chainlike), (c) 12,2,2, (framework),
(d) Cmcm (layered). Dark gray and red (medium gray) balls
represent C and O atoms, respectively. The five- and six-
membered rings of the 12,2,2; and Cmcm structures are high-
lighted in yellow (light gray).

first-principles molecular dynamics study of amorphous
CO [9]. It is interesting that the 12,22, structure of CO
is related to the theoretically predicted P2,2,2; frame-
work structure of solid N [20,31], which also contains
helical tubes.

At pressures >55 GPa, layered structures become more
stable than framework structures. Different packings of
the layers have similar energies, but the packing of
Cmcm is the most efficient. In this structure, all the
C atoms are fourfold coordinated and are connected to
two C and two O atoms, while two C and two O atoms
form a six-membered ring. The interlayer distance de-
creases significantly with pressure while the intralayer
structure is hardly affected. Layered structures also appear
in the polymerized solids of other molecules, such as N,
[31] and CO, [26]. Structures with conjugated C = C
bonds as suggested by experiments [10,11] also appear in
our search, but they are higher in energy than the chainlike
polymers and purely single-bonded structures.

We investigated the mechanical stability of the struc-
tures by calculating their phonon dispersion curves. As
shown in Fig. 3, the chainlike P2;/m structure and the
framework 72,2,2, structure are mechanically stable at
low pressures. The phonon spectrum of P2, /m at ambient
pressure is divided into three bands, with C = O double
bond stretching modes around 1600-1750 cm™ !, inter-
chain bending modes at 300-1100 cm™!, and interchain
modes below 200 cm ™. Phonon calculations show that the
12,2,2, structure might be quench recovered to ambient
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FIG.3 (color online). Phonon dispersion relations.
(a) Polymeric P2,/m at 0.2 GPa and (b) framework 12,22, at
1.0 GPa.

pressure at low temperatures. Its bulk modulus at ambient
pressure of around 155 GPa is much larger than that of
quartz (~ 37 GPa). The spread of the phonon frequencies
of 12,2,2, is larger than P2, /m, and they are not separated
into distinct groups but have phonon frequencies in the
same range as the measured IR spectrum of the amorphous
materials [12]. As shown in Fig. 3, Figs. S4 and S6 in the
supplemental materials [24], the phonon bands of P2,/m,
Pnma and Cmcm have very little dispersion along the
interchain and interlayer directions, showing that such
interactions are weak.

The electronic band structure and density of states
(E-DoS) of P2,/m decomposed into s and p components
on the C and O atoms are shown in Fig. 4. The molecular
Pbcm phase is insulating but the Pnma and P2, /m chain-
like structures are metallic. The formation of a metallic
polymer at such low pressures is unexpected and is very
different from N which is semiconducting up to at least
240 GPa [32]. The chains within a layer of P2,/m are
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FIG. 4 (color online).  Electronic structure of polymeric P2, /m
at 0.2 GPa. The band structure (left) and electronic density of
states (right). The zero of energy is at the Fermi level.
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parallel to one another which leads to almost flat bands
along the Y-A and E-C directions.

As shown in Fig. 4, the E-DoS of the conduction bands
arises mainly from the s and p states of the C atoms,
indicating strong s-p hybridization of the threefold-
coordinated C atoms. The p states of the C and O atoms
contribute to the E-DoS close to the Fermi level, while the
states at the top of the valence bands from —3 to —10 eV
derive mostly from O p states, and the states from —10 to
—15 eV derive from the C s and p states and O s states. The
narrow bands around —22.5 eV derive from the O s states
and give a strongly peaked E-DoS.

The band structure of 72,22, at 20 GPa (see the sup-
plemental material [24]) shows insulating behavior with an
energy gap of about 4.4 eV, and it should therefore be
transparent. The band gap of Cmcm at 80 GPa is calculated
to be about 0.5 eV and, considering that the density func-
tional usually tends to underestimate band gaps, this cor-
responds to semiconducting behavior. The band gap of
Cmcm decreases to ~0.1 eV at 150 GPa, indicating that
pressure substantially affects the band structure of the
layered CO structure, in contrast to N, whose band gaps
are much less sensitive to pressure [31].

In summary, we have predicted several new CO struc-
tures to be energetically more stable than the currently
known phases. Three molecular phases (P2;/c,
P4/nmm, and Pbcm) are more stable at pressures
>(0.5 GPa than the ordered R3c structure previously pro-
posed for the € phase, Pbcm being the most stable of them.
It is energetically favorable for CO to polymerize even at
zero pressure—the most stable forms at zero pressure are
found to be polycarbonyl chains, not molecules. The most
stable P2,/m and Pnma polycarbonyl chains are metallic
and contain threefold-coordinated C atoms, with a mixture
of double and single bonds. The single-bonded three-
dimensional framework /2,22, structure and the layered
Cmcm structure are stable at 2-55 GPa and >55 GPa,
respectively. The polycarbonyl P2,/m phase might be
quench recovered from the high pressure polymeric phases
at low temperature, or it might be possible to devise an
organic synthesis route. The band gaps of the CO structures
can be tuned with increasing pressure from insulating
behavior (molecular phases), to metallic (P2,/m and
Pnma), and then back to insulating (/2,2,2,) and semi-
conducting (Cmcm). The lowest-enthalpy phase of each
bonding type is mechanically stable. We have also identi-
fied some of the spectral features, e.g., the “flat phonon
bands” that appear in the phonon dispersion curves of the
chainlike and layered structures.
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