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Carbon monoxide occurs as a volatile species in the interiors of terrestrial planets, and as a disequilibrium atmospheric
constituent in the giant planets. It plays an important role during the accretionary stages of planet formation reacting with
gases to form compounds such as CH, and H,O. The structure of carbon monoxide is unknown over the majority of the
temperature and pressure regime in giant planet interiors. Here we perform ab initio molecular dynamics simulations to
characterize CO to 140 GPa and 5,000 K. We find that CO is stable as a molecular liquid at lower P-T conditions, as a
polymeric liquid at higher P-T conditions found in ice giant interiors, and as a plasma at high-T.

© 2016 Published by Elsevier Ltd.

1. Introduction

Carbon monoxide ice is one of the solid phases accreted during
the formation of ice giant planets alongside other organic (C, N, O,
H)-rich ices and dust grains [1-3]. These ice particles react with gases,
dust, and other ices present during, and after, planetary accretion to
form compounds, including CH, and H,O, which are commonly ob-
served in giant planet atmospheres today [1-6]. A recent study devel-
oped a ‘volatile distribution model” in which chemical and physical
dynamics of the protoplanetary disk are incorporated with an accre-
tionary planet formation model for Uranus and Neptune to explain ob-
served trace element and isotopic compositional differences between
these two planets [3]. Thus understanding the structure and behavior
of CO at the temperatures and pressures of giant planet interiors is
important for understanding the physical conditions during the first
stages of giant planet formation and evolution.

Determining the structure, stability, and properties of planetary
ices composed of C—H—O—N compounds at high temperatures
and pressures can also help in understanding magnetic field genera-
tion in ice giant planets. For example, knowing the phase and trans-
port properties of the ices would be particularly useful in assessing
one proposed model of Uranus' and Neptune' magnetic field genera-
tion in which convection in layers of ices with low conductivity gen-
erate the planets' observed field [7—12]. It is important to point out that
here ‘ice’ refers to the material's state during planet formation, now
these materials may exist in liquid or superionic form in the hot interi-
ors of giant planets [13].

Despite the relatively high abundance of C and O in the ice giants,
only one experimental study has explored the stability and properties
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of CO at GPa pressure [14]. In the study, Nellis et al. [14] used a com-
bination of experiments and numerical calculations to determine the
shock Hugoniot curve of liquid CO from 5 to 60 GPa. This means the
structure and properties of CO remain unknown over the majority of
the P-T regime inside Neptune's and Uranus's ice layer (reaching up
7000 K and 600 GPa) [15,16]. Determining the structure of CO over
P-T conditions inside giant planets is important for improving our un-
derstanding of the current structure of ice giants and their formation
processes.

In this study we use first-principles molecular dynamics simula-
tions based on density functional theory [17] to construct a P-T phase
diagram for liquid CO up to 140 GPa and 5000 K. Results from these
simulations were used to study the structure of liquid CO and provide
a first constraint on the melting line of CO at high temperatures and
pressures. We compare our results with previous experimental results
and one predicted isentrope for Uranus's ice layer [15].

2. Computational methods

First-principles molecular dynamics (FPMD) simulations based
on density functional theory (DFT) [17] were performed using the
Vienna ab initio Simulation Package (VASP) [18]. These simula-
tions used the generalized gradient approximation (GGA) with a
Perdew-Burke-Ernzerhof exchange-correlation functional [19] and
projector augmented wave (PAW) pseudopotentials [20]. The Bril-
louin zone was sampled using I" point only. An energy cut-off value of
1000 eV was used to represent the electronic orbital in a plane-wave
basis as it provided convergence of pressures and energies to less than
1% uncertainty.

All simulations were performed with periodic boundary condi-
tions and temperatures were kept constant by a Nosé-Hoover thermo-
stat [21,22]. Previous FPMD simulations of CO, showed that results
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are converged with 32 molecules (96 atoms) in the simulation cell
[23,24]. Hence we used a 3 x 3 x 3 body centered cubic supercell of
54 CO molecules (108 atoms) to mitigate finite size effects. Simula-
tions were run with a 1.0 fs time step and total simulation time varied
between 2 and 12 ps in length depending on the system temperature.
At higher temperatures, equilibrium is obtained faster, so shorter sim-
ulation times can be performed.

Simulations systematically sampled a NVT ensemble (N = # par-
ticles, V= Volume, T = Temperature) up to 140 GPa and 5000 K. An
additional simulation with a density of 0.82 g/cc was performed at
9000 K to evaluate the extent of CO dissociation into C and O atoms
and study a CO plasma. The trajectory for each of these simulations
was used to determine the atomic coordination of C atoms. Here we
use the terminology employed in previous studies [23,24] to define the
carbon coordination as the number of oxygen and carbon atoms within
a specified radial cut-off distance of a given carbon atom. The cut-off
distance used for coordination determination was the first minimum of
the C—O pair correlation function, see for example Boates et al. [23].

3. Results and discussion

The CO phases observed from each simulation were mapped onto
a high pressure, high temperature phase diagram (Fig. 1). Calculated
pressures and energies for these simulations are reported in Table 1.
For the purpose of defining phase boundaries we used a molecular
fraction cutoff of 0.5. This means that the molecular liquid contained
>50% CO molecules. Molecules with C—C bonds were classified as
C—C polymers. Visualizations of the observed liquid phases and a
partially dissociated phase are provided in Fig. 2.

3.1. Liquid phases

At low temperatures and pressures we observed CO as a mole-
cular liquid. Abundant CO molecules produced CO pair correlation
functions with a peak at the characteristic distance of 1.128 A (see
Fig. 3), which corresponds to the C—O triple bond length [25]. As
we increased the density, the coordination of carbon atoms increased
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Fig. 1. Preliminary P-T phase diagram of CO based on phases observed in performed
simulations. The green dashed-dotted line represents the transition between majority
molecular carbon and majority 2-coordinated (polymeric) carbon. Squares mark melting
points determined through single-phase isothermal compression simulations, the dashed
line thus represents a lower bound of the true melting line. The red solid line represents
an isentrope calculated for Uranus’s ice layer [14]. Results from simulations marked as
A and B are shown in Fig. 2 and Fig. 3.

Table 1.
Pressure and internal energy from our FPMD simulations along three isotherms. Paren-
theses denote 1 o error bars.

T (K) p (g/ce) P (GPa) E (eV/CO)
2500% 0.823 2.30(2) ~0.51482(7)
3500 0.823 2.73(2) ~0.50049(8)
5000 0.823 3.61(3) —0.4825(2)
9000¢ 0.823 4.37(6) —0.391(4)
2500 0.954 2.99(2) —0.51061(8)
3500 0.954 3.82(3) —0.4990(2)
5000 0.954 4.77(2) —0.4788(3)
2500 1.106 4.28(3) —0.50783(9)
3500 1.106 5.09(3) —0.4963(4)
5000 1.106 5.96(5) —0.4734(4)
2500 1.283 6.06(4) —0.5032(1)
3500 1.283 6.98(6) —0.4908(2)
5000 1.283 7.96(7) ~0.4674(4)
2500 1.487 8.927(87) ~0.5066(3)
3500 1.487 10.02(9) —0.4865(2)
5000 1.487 10.56(10) —0.4652(6)
2500 1.725 10.54(6) —0.5084(3)
3500 1.725 12.62(9) —0.4853(4)
5000 1.725 13.19(13) ~0.4594(5)
2500 2.000 11.74(10) ~0.5137(8)
35008 2.000 13.63(8) —0.4982(6)
5000 2.000 17.34(17) —0.4540(6)
2500 2319 17.74(17) —0.5081(5)
3500 2.319 20.74(19) —0.4891(3)
5000 2.319 24.30(24) ~0.4427(6)
3500 2.689 30.45(22) —0.4746(7)
5000 2.689 35.70(23) —0.4332(7)
3500 3.118 45.59(31) —0.4644(6)
5000 3.118 52.31(37) —0.4181(5)
5000 3.616 82.03(43) —0.4000(8)
5000 4.193 136.11(46) ~0.3742(6)

ABC pair correlation functions and snapshots from these simulations are provided in
Fig. 3 and Fig. 2 respectively.

from 1 to 2, thus becoming more polymerized. The higher C coordina-
tion corresponded to the development of CO, molecules and polymers
with C—C bonds, visualized in Fig. 2B. In our phase diagram, poly-
meric liquid refers to a liquid consisting of C—C polymers and CO,
molecules. These new polymers were observed indirectly as a drop in
the peak value of the C—O pair correlation function, the development
of a C—C peak at 1.38 A, and a O—O peak at 2.32 A (Fig. 3).
The O—O distribution peak distance has the same value as the dis-
tance between oxygen nuclei bound in a CO, molecule [26]. Single
C—C bonds have an interatomic distance of 1.54 A, double C—C
bonds of 1.34 A, and triple C—C triple of 1.2 A [27]. The observed
distance of 1.38 A for the C—C pair correlation function is charac-
teristic of double C—C bonds. However additional work investigating
the details of C—C bonding needs to be performed to characterize the
nature of C—C bonds in the polymers observed in Figs. 2B and 3B.

In addition to analyzing the peaks in the pair correlation functions,
we also performed a cluster analysis for the polymeric simulation ‘B’.
Two atoms were considered to be part of the same cluster if they are
separated by less than 1.90 A. Based on this simple geometric crite-
rion, we determined the clusters for every configuration and then aver-
aged the results along the trajectory. Zero O, molecules were found in
the entire simulation, which implies the C—O bonding is strong and a
sufficient number of carbon atoms were present to prevent the forma-
tion of O, molecules.

Our analysis also revealed that CO,, CO, and C,0; clusters oc-
curred most frequently. However, they contained only 28.4%, 6.7%
and 4.6% of the C atoms, respectively. The majority of the C atoms,
57.6%, were stored long C—O polymers that contained at least 21 C
and 8 O atoms. On average, these polymers consisted of 31.1 C and
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Fig. 2. Molecular dynamics snapshots showing three observed structures of CO: (A)
molecular liquid at 2500 K and 0.82 g/cc (2.30 GPa), (B) polymeric liquid at 3500 K
and 2.00 g/cc (13.63 GPa), and (C) partially dissociated molecular liquid at 9000 K and
0.82 g/cc (4.37 GPa). The corresponding pair correlation functions are shown in Fig. 3.
Carbon and oxygen atoms are depicted by the green and white spheres respectively. The
blue isosurface shows the density of the valence electrons.

16.0 O atoms, which implies that a C:O ratio of 2:1 is particularly fa-
vorable. We can thus write the following approximate polymerization
reaction,

3nCO — nCO, + [C,,0,]

polymer,

while keeping in mind that a variety of polymers with n > 21 were pro-
duced. A small remainder of 2.7% C atoms were found to occur in
small short-lived clusters with up to 6 C atoms.

18 ’ ; ’ . . . -
16} l —— (A) 2500 K, 0.82 g/cc, 2.30 GPa
—— (B) 3500 K, 2.00 g/cc, 13.63 GPa
14} " ]
12}
< 10} ’
S s
o °f | i
6F
2F
o N\ = — ——
o -
T
EL
1+ \ o T —— S
] st
28 = -
[
Sl L
m It L I /
0.0 PRI .
0 1 2 3 ) 5 6 7 8

Fig. 3. Pair correlation functions for simulations showing three different structures. (A)
molecular liquid, (B) polymeric liquid, (C) partially dissociated liquid. Here A, B, and
C refer to the same simulations whose snapshots are shown in Fig. 2 and plotted in Fig.
1.

The transition from a molecular to a polymeric liquid is associated
with a decrease in slope of the P-V curve at fixed T shown in Fig.
4. This change in slope is more distinct when plotted as a P*V vs.
V curve in Fig. 4. Molecular dynamics studies of N, [28], H, [29],
and CO, [24] found that a plateau in the P-V equation of state for
those systems corresponded to a first order liquid-liquid phase transi-
tion (LLPT). Boates et al. determined that the CO, first-order LLPT
corresponded to a rapid decrease in the 2-coordination of C, increase
in C 3-coordination, and the formation of stable CO; molecules [24].
Beyond the LLPT at much higher temperatures and pressures, carbon
gradually transition from 3-coordination to short-lived 4-coordination
species. The plateau in the CO P-V curve observed in this study may
correspond to a first order LLPT similar to that observed for CO,,
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Fig. 4. P-V equation of state along three isotherms plotted along with calculated and
experimentally derived points on the CO shock Hugoniot curve [13]. The decrease in
slope of the P-V curve <3500 K is more distinct when plotted as a P*V vs. V curve.
Only the two lowest pressure experimental data points correlate to temperatures sam-
pled in this study.
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where the molecular liquid becomes a polymeric liquid. However,
with the results from this study we cannot conclusively state whether
there is an LLPT between molecular and polymeric CO. Additional
work sampling P-T space with a finer grid could provide insight on
this matter.

3.2. CO dissociation

Only one experimental study has explored the structure of CO at
high temperatures and pressures. This study by Nellis et al. (1981)
[14] used gas-gun shock experiments to determine the CO Hugoniot
curve up to 60 GPa. Their P-V results are plotted alongside our results
in Fig. 4. For the low pressure (< 10 GPa) experimental data points,
our results suggest a shock temperature between 2000 K and 3000 K,
which is in agreements with temperature predictions for these shock
pressures which spanned 2000 to 3000 K [14]. These experiments re-
ported a rapid change in slope of the P-V line above 10 GPa [14].
The high pressure (> 10 GPa) data points did not fall along the pre-
dicted CO shock Hugoniot curve and were explained by the presence
of high density carbon phases, primarily diamond [14]. Temperatures
were predicted at 7000 K for the 30 GPa data point and > 10,000 K
for the 50-60 GPa data points. The P-T space sampled in our study
only extended to 5000 K in the > 30 GPa range, so we cannot evaluate
the state of the system at the higher pressure experimental data points.

Nellis et al. interpreted the CO shock measurements as represent-
ing dissociation of CO molecules into diamond, + graphite, CO,, and
O, above 10 GPa, resulting in a change of slope in the P-V equation
of state [14]. The researchers proposed complete dissolution of CO
into diamond occurs by 30 GPa and 7000 K [14]. Over the 10-30 GPa
pressure range and 3000-7000 K they inferred that CO dissociated
into CO,, diamond, and O,, although these phases were not directly
observed co-existing.

Simulations performed along isotherms up to 3500 K showed
plateaus in the P-V slope (Fig. 4). By 5000 K there was no observable
drop in pressure along the P-V curve, suggesting that a LLPT does
not exist at high-T. Evidence of dissociation in the 4000—-5000 K sim-
ulations was also observed as broadening of pair correlation function
peaks and infilling of distribution minima. If O, formed in a simula-
tion, as is predicted from experimental studies [14] we would expect
to see a peak at 1.208 A [30] in the O—O pair correlation function, a
peak at 1.54 in the C—C distribution for the single C—C bond, and
a peak at 2.32 A for the interatomic distance between oxygen atoms
bound in CO, A [26]. We observed no such O—O peak, suggesting
O, was not produced in our simulations. The only observed peak in
the O—O pair correlation function for our simulations was a peak at
2.32 A, from which we conclude CO, was formed. A peak in the C—
C distribution at 1.38 A was common to many simulations, however
this does not correspond to the characteristic length of the single C
—C bond in diamond. These results suggest that CO, formed, O, did
not, and C formed polymers with C—C bonds rather than diamond
or graphite. However, the increased polymerization of C to form CO,
molecules was observed in our simulations as was predicted by previ-
ous experimental results [14].

We performed one additional simulation with a density of 0.82 g/
cc at 9000 K to see if full CO dissociation was achieved by 9000 K.
The pair correlation functions for this simulation are plotted in Fig.
3. For complete dissociation we expect complete infilling of minima
and broadening of maxima to form one smooth distribution. While in-
filling and broadening are clearly evident in the 9000 K simulation,
there are still pronounced maxima for the C—O and C—C correla-
tion distributions. Molecules with short-lived (< 15 fs) C—C bonds
were observed in these simulations. These results show a similar be-

havior to CH, [31] and a bulk C:H:O:N liquid [32] which also de-
veloped molecules with short-lived C—C bonds at high temperatures.
Our results suggest that complete dissociation of CO has not occurred
at 9000 K and low pressures. Additional simulations up to and above
10,000 K at higher pressures can constrain the conditions necessary
for full dissociation of CO.

3.3. Melting line and implications for giant planet interiors

We used isothermal single-phase compression simulations to de-
termine the CO melting line. These simulations may experience super-
cooling as they are compressed. Our simulations froze into an amor-
phous structure. We assume an ordered CO solid may be more stable.
We also did not reverse this transformation by expanding our frozen
simulations. For these reasons, we expect our proposed melting line to
be a lower bound in P-T space for the true CO melting line.

The first completely frozen simulation was designated the melting
point for a given isotherm. We plotted the resulting melting line along
with an isentrope for the temperatures and pressures inside Uranus's
ice layer in Fig. 1. Our findings predict that CO would exist as a
polymeric liquid in Uranus’s ice layer. Numerical models of mag-
netic field generation field on Uranus and Neptune compared with ob-
servational information about their magnetic favor dynamo genera-
tion in a layer of convecting liquid characterized by poor conductivity
[10-12]. Recent findings show that the development of C—C bonds
in H—O—C—N liquids greatly affects their conductivity and vis-
cosity, which in turn impacts the magnetic Reynolds number and the
nature of a magnetic field generated by the liquid [32]. The devel-
opment of C—C in our simulations potentially correlates to changes
in CO properties. Additional work determining the conductivities and
transport properties of CO across the full P-T regime inside these plan-
ets would be useful in determining if CO may be an ice contributing
to magnetic field generation.

4. Conclusions and implications

The phase diagram constructed in this study is the first P-T phase
diagram for CO extending to 140 GPa and 5000 K. We found that car-
bon existed in 1-coordination in CO molecules as a molecular liquid
at low temperatures and pressures. Between 8—13 GPa we observed
a transition from a molecular liquid to a polymeric liquid. Additional
work constraining the conditions of this transition will allow for de-
termination of whether it is a gradual change or an abrupt change that
corresponds to a first order liquid-liquid phase transition. Our pro-
posed phase diagram suggests that CO may exist as a polymeric liquid
in Uranus's ice layer.
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