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Thermodynamic and chemical properties of liquid carbon dioxide and nitrogen (CO,—N;) mixture under the condi-
tions of extremely high densities and temperatures are studied by using quantum molecular dynamic (QMD) simulations
based on density functional theory including dispersion corrections (DFT-D). We present equilibrium properties of liquid
mixture for 112 separate density and temperature points, by selecting densities ranging from p = 1.80 g/cm? to 3.40 g/cm?
and temperatures from 7 = 500 K to 8000 K. In the range of our study, the liquid CO,—N; mixture undergoes a continuous
transition from molecular to atomic fluid state and liquid polymerization inferred from pair correlation functions (PCFs)
and the distribution of various molecular components. The insulator—metal transition is demonstrated by means of the
electronic density of states (DOS).
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1. Introduction

With the continuing development of fluid science,!!!
shock physics, detonation science,?! and geophysics,[®! the
study of material properties under extreme conditions!* has
attracted extensive attention. In the last decade, this has been
made possible due to both the increasing accuracy of exper-
imental diagnostics and the expanding computing capabili-
ties. On the experimental techniques side, gas gun,®! chemical
explosives, ! and pulsed power,!”-8] have been adopted in dy-
namic compressions, where pressures could reach the megabar
region. Among the theoretical models, thermochemical calcu-
lations have been developed and concentrated mainly on the
dynamic compressions of energetic materials®! and the equa-
tion of state (EOS) of these detonation products, of which
N, and CO, are usually the main components because of
their relatively large negative formation enthalpies.!'”! Ther-
mochemical calculations are based on a microscopic descrip-
tion of pair interactions determinated by explosive detona-
tion data.l''! Nevertheless, the EOS predictions would lose
their accuracies due to modifications of thermodynamic condi-
tions and chemical composition of the detonation product mix-
ture. Therefore, a variety of direct simulation methods have
been developed, such as the path-integral Monte Carlo!%!3]
(PIMC) and density-functional theory (DFT) molecular dy-
namics (MD).['4-17] Up to now, quantum molecular dynamics
(QMD)[18:191 hag been particularly suited for the study of such
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chemical processes as ionization, recombination, dissociation,
and association of the various atomic species present in the
warm dense matter.'®) In spite of the fact that these theoret-
ical simulations in some cases already provided explanatory
and predictive results, however, some discrepancies were ob-
served between the results of QMD calculations and the ther-
mochemical predictions.!!%?% Some theoretical results agree
well with experiment data only in the case of higher density.
It could be argued that DFT would not accurately predict the
thermodynamic properties of warm dense matter with some
systematic errors due to the fact that dispersion interactions
are not taken into account.>!! The van der Waals (vdW) inter-
actions are expected to play a significant role in determining
the mechanical properties of some materials. In the study of
the thermophysical properties for liquid carbon monoxide and
nitrogen (CO-N;) mixture under extreme conditions, 22! we
tried to explore the effect of vdW forces on liquid-liquid phase
transition in the shock-compressed process, and found that the
vdW interaction has a negative contribution to the pressure and
tends to reduce the overestimation of the equilibrium volume.

To the best of our knowledge,
lar systems, for exaple, liquid, argon,!*3! hydrogen,!

the pure molecu-
24-26]

oxygen, ?731 nitrogen, >34 nitrogen oxide,[!%3> and car-

18,361 have been intensively studied with a va-

riety of experimental techniques and theoretical simulations.

bon monoxide!

There are only a few first-principles calculations concern-
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ing EOS for the liquid mixtures. In the present work, we
study thermodynamic properties and chemical decomposi-
tion of liquid carbon dioxide and nitrogen (CO,-N;) mix-
ture by using quantum molecular dynamic simulations based
on density functional theory including dispersion corrections
(DFT-D).137-38] The liquid nitrogen undergoes a dissociative
phase transition above 30 GPa and 7000 K indicated by
experiments 340
more, as density or temperature increases, metallization can
occur through first-order transition accompanied by molecu-

I and theoretical calculations. 324! Further-

lar nitrogen to liquid polymeric phase transition.!*>~**1 How-
ever, the metallization of a compressed liquid mixture remains
an open question. Here we study the insulator—metal transi-
tion in the liquid mixture by means of the electronic density of
states (DOS). The second question from which this work orig-
inates is linked to recent results from our QMD simulations on
the liquid CO-N,.[?? The data for liquid carbon dioxide[*>~48]
under shock compressions suggested that shock-induced dis-
sociation transition of CO; occurred at pressure above 34 GPa
and temperature 4500 K along the Hugoniot, while our previ-
ous studies show that the decomposition of N, molecules in
liquid CO-N, [??1 mixture occurs at temperature 7 ~ 3500 K
and pressure P ~ 20 GPa, much lower than those of pure liquid
nitrogen. [32:33.39:49-521 Therefore, we will pay particular atten-
tion to the constituency of the dissociative phase transition of
liquid CO,—N; mixture.

2. Method

In the past few years, density functional molecular dy-
namics (DFT-MD)[?433:34] has become the most commonly
used method to treat fluid systems. Nevertheless, the accu-
racy of density functional theory (DFT) (Ref. [24]) has often
been brought into question, because dispersion interactions are
not taken into account.?! In this study, in order to make up
for the effect of dispersion on thermodynamics of the liquid
mixture, which is absent in DFT simulations, Perdew—Burke—
Ernzerhof augmented by a damped empirical correction for
dispersion-like interactions (PBE-D)P3! is adopted. In our
work, we employ the Gaussian and plane wave (GPW) method
code QUICKSTEP as implemented in CP2K to calculate all
of the molecular dynamics trajectories. This method describes
the electronic structure by using the density functional theory
(DFT) (Ref. [24]) with the generalized gradient approximation
(GGA)P®! exchange—correlation functional combined with the
Double Zeta Valence with Polarization (DZVP) basis set and
the GTH-type pseudopotential.?7-38] Taking the effect of dis-
persion into consideration, all of the geometry optimizations
of isolated molecules are performed with PBE-D. For the ni-
trogen molecule, the length of triple bond in the molecule is
equal to 1.119 A, comparable to the experimental value of
1.097 A. For the carbon dioxide molecule, an interatomic dis-
tance of C—O of 1.160 A is calculated in comparison with the
experimental value of 1.162 A, and the molecule is linear. For

all these molecules, satisfactory agreement on the geometry of
the isolated molecule is achieved, confirming the validity of
the method of simulating the intramolecular interactions.

The calculations are performed by a series of volume-
fixed unit cells, while keeping the number of molecules of
each kind fixed. The supercell in our MD simulation con-
tains 48 molecules (120 atoms) in the case of equimolar bi-
nary carbon dioxide and nitrogen (CO,—N5) mixture (24 CO,
and 24 N in the form of molecules). Periodic boundary con-
ditions are used in the three directions. The tests of the effects
of finite-size are performed with larger cells, each containing
64 molecules, corresponding to densities of 1.80 g/cm> and
2.89 g/cm? and a temperature of 2000 K. Compared with the
case in our 48-molecule system, the changes in the pressure
and internal energy are not significant and smaller than 2%.
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Fig. 1. Time evolutions of the temperature, the potential energy,

and the pressure of the liquid CO,—N; mixture during the DFT-D
NVT simulation at T = 2000 K and p = 2.20 g/cm?®. The unit
1 hartree=110.5x1072! J.
We perform fixed-volume molecular dynamics simula-
tions for 112 separate density and temperature points, with

3 to

seven different specific densities from p = 1.80 g/cm
3.40 g/cm®. For each density, the simulation is executed for
a temperature range from 7 = 500 K to 8000 K, and the tem-
perature is increased in steps of AT = 500 K. The initial con-
figurations are obtained after a stabilization of the liquid at the
same density and a lower temperature 7 = 300 K, ensuring
that all the simulations are started at 1:1 carbon dioxide and
nitrogen molecular (CO,-N) mixture. In order to obtain ac-
curate enough thermodynamic quantities, we let the dynamic
simulations last 30 ps, including the system equilibration time
for more than 10 ps and the time of calculated properties at
least 10 ps, depending on different systems. Also, we obtain
the EOS data (P, U, T') and pair correlation functions by aver-
aging over the final 10-ps calculations for all the systems. As
an example, the time evolutions of the temperature, the poten-
tial energy, and the pressure of the liquid CO,—N; mixture at
T =2000 K and p = 2.20 g/cm? are shown in Fig. 1.
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All quantum molecular dynamics (QMD) calculations are
performed within the canonical ensemble (the NVT ensem-
ble) in integration time steps of 0.5 fs, which is applied to all
degrees of freedom. The plane-wave energy cutoff radius of
500 Ry (1 Ry = 13.6056923(12) eV) is employed, which is
sufficient to obtain a converged energy and force, and a Nose—
Hoover thermostat!®®! is used to adjust the system temperature.

3. Result and discussion
3.1. Equation of state (EOS)

We present our QMD simulation results for equilibrium
properties of liquid carbon dioxide and nitrogen (CO,—N3)
mixture for 112 separate density and temperature points. In
the region of our study, the CO,—N, mixture system undergoes
the molecular—atomic fluid state transition and liquid polymer-
ization transition, coinciding with an insulator-metal transi-
tion. Thus, it is interesting to examine molecular dissocia-
tion and the insulator—metal transitions in studying the thermo-
physical properties of liquid CO,—N, mixture under extreme
conditions. To check on the accuracy of DFT-D calculations,
isotherms at 7 = 2000 K and 7' = 3000 K are shown and com-
pared with DFT results calculated by Jean—Bernard Maillet!!*]
in Fig. 2.
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Fig. 2. (color online) Isotherms at 7 = 2000 K (squares) and T =
3000 K (circles) for liquid CO2—N; mixture. Solid symbols correspond
to DFT results (Ref. [10]), and empty symbols correspond to our DFT-D
results.

The agreement between DFT-D results and DFT data is
good over the whole density range for both isotherms. This
is mainly because of the insignificant contribution of van der
Waals interactions in those ranges of pressure and tempera-
ture. However, as the density and temperature increase, the
molecules of the mixture are dissociated and DFT may lose
the accurate predictions due to the lack of van der Waals inter-
actions. A more detailed study of the phase transition can be
acquired by isochores. The relations of pressure—temperature
for different isochores derived from our DFT-D calculations
are displayed in Fig. 3.

80 T T T T T T T T T T T T T T T T
L “e—p=2340 g/cm? 4
60 |- —»—p=3.20 g/cm? |
< | —<4—p=2.89 g/cm? ]
%9 40k —v—p=2.40 g/cm? |
= —A—p=2.20 g/cm?

ol W A
—e—p=1.97 g/cm?
N —=—p=1.80 g/cm? |
1 1 1

I 1 I 1 I
0 0 2000

n 1 n n 1 n n 1
4000 6000 8000
T/K

Fig. 3. (color online) Pressure—temperature relations for liquid CO,-N,
mixture along various isochores derived from our QMD/DFT-D simu-
lations.

As shown in Fig. 3, at the lowest density p = 1.80 g/cm?,
the pressure increases monotonically with temperature in-
creasing up to 7000 K. When the temperature continues to
increase from 7000 K to 8000 K, the pressure does not keep
increasing, but remains the same. This indicates that as the
temperature increases up to 7000 K, the liquid mixture begins
to dissociate, so that the drop in the pressure is not compen-
sated for by the increase of the kinetic during this transition.

At a higher density p = 1.97 g/cm?, when the temperature
increases up to 6000 K, (AP/AT)y is slightly negative, which
indicates strongly that the mixture is undergoing a phase tran-
sition. Remarkably, with the increase of the density, the phase
transition takes place at lower temperature, leading to a region
of (AP/AT)y < 0. For example, at a density of 2.40 g/cm?,
(AP/AT)y < 0 is present at a temperature about of 4500 K,
while the first drop of the pressure occurs only at 3000 K,
when the density increases up to 2.89 g/cm?. At sufficiently
high densities of p = 3.20 g/cm? and 3.40 g/cm?, the pressure—
temperature (P-T) plane curves each have more than one fold
point. This could possibly be caused by a series of contin-
uous phase transitions, such as the dissociations of CO, and
N, molecules, the recombinations of C, N, and O atoms, the
formations of large clusters, and the associations of products
under extreme conditions of high pressure and temperature.

As an example, according to the analysis of the P-T
curve, at the density of 2.40 g/cm?, the first phase transi-
tion of liquid CO,—N, mixture takes place at a temperature
of about 4500 K and pressure up to 34 GPa, which agrees
with the conditions of shock-induced dissociation for liquid
CO; reported by Nellis et al.[*] So, it suggests that this phase
transition is caused by the decomposition of CO, molecules.
It is not difficult to find that N, molecules do not dissoci-
ate at much lower temperature and pressure (7' =~ 4000 K
and P ~ 20 GPa) than those of molecular nitrogen inferred

[39,49 [32,33,50-52] (T ~

from experiment Iand predicted in theory
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7000 K and P =~ 31 GPa), as we have mentioned in studying
liquid CO-N, mixture!??! under extreme conditions.
3.2. Constituency analysis

The pair correlation function (PCF) [27.36]
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which represents the probability of finding an atom at distance
r from a reference atom, and the distribution of various molec-
ular components are two important quantities to characterize
the evolution of the structure for the liquid mixture. Now, we
employ these techniques to analyze the chemical processes of
liquid CO,—N, mixture under extreme conditions of tempera-
ture and pressure.

3.0 ——
[ (b)
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Fig. 4. (color online) Pair-correlation functions g(r)co, g(r)no, and g(r)nn, and the associated numbers of neighbors n(r)co, n(r)no, n(r)xn for
liquid CO,-N, mixture at a density of p = 2.40 g/cm? for different temperatures.

Firstly, we use VMDI® to analyze the MD trajectories.
The dependences of pair-correlation functions g(r)co, g(r)No,
and g(r)nn, and the associated numbers of neighbors n(r)co,
n(r)No, n(r)nn for liquid CO,-N; mixture on temperature at
the density of p = 2.40 g/cm?® are shown in Fig. 4. As seen in
Fig. 4(a), when the temperatures are less than 4000 K, the first
peak of g(r)co is located at a distance of 1.17 A (r = 1.17 A),
corresponding to the equilibrium bond length of C-O in the
CO, molecule (r = 1.162 A), and it is slightly larger than
the bond distance of the CO molecule (r = 1.128 A). A more
precise structural evolution of the CO, molecules in the mix-
ture with the number of oxygen neighbors of carbon atom

n(r)co are shown in Fig. 4(b). At the lower temperatures
(T <4000 K), a carbon atom has on average two oxygen atoms
neighbors at a distance of 1.60 A, indicating that the fluid CO,
has not yet begun to dissociate and no CO is formed. With
the increase of temperature, the peak of the pair-correlation
function g(r)co reduces gradually in amplitude. At the higher
temperatures (7" > 4000 K), the peaks turn broader and move
rightwards slightly and n(r)co gradually decreases with tem-
perature increasing. This tendency reveals that carbon dioxide
molecules begin to dissociate at temperatures above 4000 K,
and the corresponding pressure of about 34 GPa. To analyze
the pair-correlation function g(r)nn and the associated num-
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ber of neighbors n(r)nn shown in Figs. 4(e) and 4(f), the same
methods are used. Figure 4(e) shows that the peak of g(r)nn
corresponds to an equilibrium bond length of 1.12 A, which is
consistent with our result of geometry optimization of the ni-
trogen molecule. Moreover, in Fig. 4(f), the number of neigh-
bors is equal to one at 7' < 4000 K, (which is the expected sig-
nal of the N, molecule), and reduces to eighty percent for the
higher temperature of 5000 K at a distance of 1.40 A. It is not
difficult to conclude that the dissociation of N> molecules also
begins at temperatures above 4000 K and pressure 34 GPa.
Now we turn our attention to the formation of nitrogen
oxides. Figures 4(c) and 4(d) show the evolutions of the
covalent bond length between the nitrogen and the oxygen
for eight different temperatures. At the lower temperatures
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(T < 4000 K), the PCFs (Fig. 4(c)) between nitrogen atoms
and oxygen atoms stay at zero within the range of r = 1.60 A,
indicating that no nitrogen oxides are produced, and corre-
spond to Fig. 4(d), which shows that a nitrogen atom has no
oxygen atom neighbor at a distance of 1.60 A, indirectly sug-
gesting that the mixture has not been dissociated. When the
temperature increases up to 5000 K, a sharp peak is seen in
the g(r)no centered near r = 1.16 A, which is very close to
the N-O bond length of NO (r = 1.15 A), and slightly smaller
than that of the NO, molecule (r = 1.20 A). We consider that
this could be directly related to the formation of NO. With the
continuous increase of temperature, the amplitude of the peak
increases, suggesting that the nitrogen oxides increase with the
decomposition of mixture.
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Fig. 5. (color online) Pair-correlation functions g(r)co. g(r)no. and g(r)nn, and the associated number of neighbors n(r)co. n(r)No,
n(r)nn for liquid CO2—N, mixture at the temperature of 7 = 3000 K for increasing densities.

Figure 5 shows the pair-correlation functions g(r)co,
g(r)No, and g(r)nn, and the associated numbers of neighbors
n(r)co, n(r)no, n(r)nn of liquid CO,—N, mixture at the tem-
perature of 7' = 3000 K for six different densities. At the lower

densities (p < 2.40 g/cm?), the first peak of g(r)co shown
in Fig. 5(a) corresponds to an equilibrium bond length of the
CO; molecule and n(r)co displayed in Fig. 5(b) is equal to

two, which is a character of the CO, molecule. However,
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as the density increases up to 2.89 g/cm?, n(r)co is more
than two at a distance of 1.60 A, suggesting that the carbon
dioxide molecules are already dissociated, and the C-O clus-
ter structures are produced. It is consistent with the point of
(AP/AT)y < 0 in Fig. 3. However, from Figs. 5(c) and 5(d),
we can know that N, molecules begin to dissociate until the
density increases up to 3.20 g/cm® and NO is formed at the
same time. Here, we do not give the pair-correlation functions

g(r)oo nor the associated number of neighbors n(r)oo, be-
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cause there are very few O—O bonds in a liquid mixture under
any condition.

In order to give more direct evidence of structural evo-
lution, we analyze the MD trajectories by using the FIND-
MOLE code, °!! which can find molecule structures and count
the number of molecules in MD simulations trajectories. The
time evolutions of initial carbon dioxide and nitrogen, and sev-
eral important products (dimer N,—CO,, NO, NO,, and N,O)
in the liquid mixture are shown in Fig. 6.
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Fig. 6. (color online) Comparisons of time evolutions of nitrogen (black lines) and carbon dioxide (red lines) mixture, and several important products
[dimer N,—CO, (blue), NO (dark cyan), NO;, (magenta), and N, O (dark yellow)] between the densities of p = 2.40 g/cm3 and p =3.40 g/cm3 at
three different temperatures of 1000 K, 4000 K, 6000 K, respectively. Populations are given per initial mixture molecule.

Figure 6 shows the comparisons of the populations of lig-
uid mixture between the densities p = 2.40 g/cm® and p =
3.20 g/cm? at three different temperatures 1000 K, 4000 K,
6000 K. As seen from Fig. 6, at p = 2.40 g/cm?, carbon diox-
ide and nitrogen molecules begin to dissociate at the temper-
ature above 4000 K, and the main product of nitrogen oxides
is NO. However, at p = 3.20 g/cm3, the dissociation of CO,
molecules is quite obvious only at the temperature of 1000 K.
All of these are consistent with the results from Figs. 3-5.
We recall here that the initial configuration is composed of
molecules 24CO, and 24N, only and that the DFT-D simula-

tions are not performed from a pre-dissociated state. We find

that the population curves of CO; and N> molecules overlap
at the beginning of the period, suggesting that they dissoci-
ate almost concurrently. In particular, we also find essentially
neither NO nor NO; molecules occurs at p = 2.40 g/cm3,
T =2000 K and p =3.20 g/cm3, T = 1000 K, but some inter-
mediate N,O and stable dimer N,—CO, are formed. The for-
mation of NO (the main product) occurs after a large number
of N; molecules has decomposed. The decomposition rates
of CO, and N, molecules and the final population of prod-
ucts are sensitive to both density and temperature. There is an
increase of the liquid mixture decomposition rate with the in-

crease of temperature at any density, because the probability to
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overcome the energy barrier is higher at elevated temperatures
as mentioned by Rom et al. 162 Ag expected, the reaction rate
also increases with compression due to the decomposition dy-
namics dominated by intermolecular interactions.®?! Besides
the small molecules mentioned above, at the higher density
and temperature, we find the highly transient large clusters of
carbon—nitrogen—oxygen, and they contain above 40% of the
total carbon and nitrogen of the system.

3.3. Density of states (DOS)

Among the regions of our study, the mixture system
undergoes a continuous transformation, accompanied by an
insulator—metal transition which is inferred from the electronic
density of states (DOS) shown in Figs. 7 and 8.
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Fig. 7. Electronic density of states of liquid CO,—N, mixture at the den-
sity of p = 2.40 g/cm?, and corresponding temperatures of (a) 1000, (b)
2000, (c) 3000, (d) 4000, and (e) 5000 K, respectively. The Fermi en-
ergy Er is set to be zero (dotted line).

All of the DOS calculations are performed with the
GGA/PBE method®! and the plane-wave cutoff at 500 eV.
Figure 7 shows the electronic densities of states of liquid CO,—
N, mixture at the density of p = 2.40 g/cm® and five differ-
ent temperatures (1000-5000 K), respectively. The band gap
of the liquid mixture changes from 3.5 eV at T = 1000 K,
P ~ 24 GPa (Fig. 7(a)) to 1 eV at T = 3000 K, P ~ 31 GPa
(Fig. 7(c)). When the temperature continues to increase up
to 5000 K, which corresponds to the condition of liquid CO,—
N, mixture beginning to dissociate, the band gap finally closes
(Fig. 7(e)), indicating that this mixture has completed the tran-
sition from insulator to metal. To discuss the role of the pres-
sure in DOS, we also calculate the electronic densities of states

of liquid mixture at the temperature of 7 = 3000 K and four
different densities (1.80, 2.40, 2.89, and 3.40 g/cm3) shown in
Fig. 8. At 31 GPa, the appearing of defect-like states in the
middle of the electronic gap may arise from the formations of
dimer chains and rings (as displayed in Fig. 9(a)).

120
[ p=1.80 g/cm3, P~12 GPa | " (a)]

80_— 7]
40F 7
OF : : .
60F P =2 40 g/cm3, P~31 GPa (b) 1
40F
20F
O' +
60F P =2 89 g/crns P~54 GPa (c) 1
. A: —1 L, A: I AW

40
t p=3.40 g/cm3, P~64 GPa (d)

20

0
60

Density of states/(state/eV-unit cell)

40F
20

4 e oy

—30 —20 —10 0 10
E/eV

Fig. 8. Electronic density of states of liquid CO,—N, mixture at the temper-
ature of 7 = 3000 K and the densities of (a) 1.80, (b) 2.40, (c) 2.89, and (d)
3.40 g/em? respectively. The Fermi energy Ef is set to be zero (dotted line).

(2)

(b)

Fig. 9. (color online) Instantaneous configurations of the system at den-
sities of (a) 2.40 g/cm3 and (b) 3.40 g/cm3, respectively, and the corre-
sponding temperatures are both 3000 K during simulations.
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Figures 9(a) and 9(b) are instantaneous configurations of
the system at 2.40 g/cm?, 3000 K and 3.40 g/cm?, 3000 K re-
spectively, and corresponding to the states of Figs. 8(b) and
8(d). As density is further increased, the liquid mixture grad-
ually loses its molecular character with increasing the number
of polymeric chains (as shown in Fig. 9(b)), and eventually
metallization occurs (over 64 GPa).

4. Conclusions

In this work, we study the thermodynamic properties and
chemical decomposition of liquid carbon dioxide and nitro-
gen (CO,—N;) mixture under the conditions of extremely high
densities and temperatures by using the quantum molecular
dynamic simulations based on density functional theory in-
cluding dispersion corrections (DFT-D). The selected pres-
sures range from 6 GPa to 77 GPa, In this range, the lig-
uid CO,—-N, mixture undergoes a continuous transition from
molecular to atomic fluid state and liquid polymerization, ac-
companied by an insulator-metal transition. The liquid mix-
ture molecules begin to dissociate at the temperature above
4000 K, and the corresponding pressure of about 34 GPa,
which agrees with the conditions of shock-induced dissocia-
tion for liquid CO,. It suggests that the dissociation of Nj
molecules do not occur under the N, decomposition condi-
tion in liquid CO-N; mixture. The main product of nitro-
gen oxides is NO, which has been testified. Other important
products, such as stable dimer N,—CO,, few NO,, interme-
diate N,O, and the highly transient large clusters of carbon—
nitrogen—oxygen are observed.
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