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First-order liquid-liquid phase transition in nitrogen-oxygen mixtures
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The first-order liquid-liquid phase transition (LLPT) describes the counterintuitive nature between two distinct
liquids in a single system. However, the physical understanding of LLPT in simple liquid mixtures has remained
elusive. Here, a first-order LLPT for nitrogen-oxygen (N-O) mixtures is investigated via extensive ab initio
molecular dynamics simulations. The first-order LLPT is characterized by discontinuities of a short-range order
and transport properties, occurring at the transition pressures identified by looking at isotherms. The LLPT
in N-O mixtures is dominated primarily by the molecular-to-polymeric transformation. The resulting phase
boundaries and further structural analysis show the crucial influence of oxygen on weakening the LLPT of
N-O mixtures by promoting chemical reactions with nitrogen and crippling polymerizations. Furthermore,
noncovalent interactions of short- to long-range van der Waals have evident impacts on the LLPT boundary.
The introduction of the strongly constrained and appropriately normed functional with revised Vydrov–van
Voorhis nonlocal correlation (SCAN-rVV10) functional to describe the phase-transition behaviors improves the
agreement with experimental data. The results highlight the characteristic features of the complex interplay in
binary mixtures and revisit the first-order phase transition of dense nitrogen.
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I. INTRODUCTION

The first-order liquid-liquid phase transition (LLPT) is
an unconventional transition between two liquid states in a
single-component system, which has recently attracted con-
siderable attention not only because of its counterintuitive
nature but also as it is crucial to fundamentally understand the
liquid state [1–3]. This transition has been found in some sim-
ple liquid systems such as silicon [4–6], sulfur [1], hydrogen
[7–15], nitrogen [16,17], and carbon dioxide [18]. Accurate
knowledge of the pivotal mechanisms for the phase transition
in typical diatomic molecules above the melting temperature
as well as the structural evolutions and critical temperatures
in this medium is crucial to understand the internal structures
and dynamics of planets in our solar system [9,19–21]. For
hydrogen, molecular dissociation-induced LLPT under high
pressures and temperatures (P-T ) would suggest a density
discontinuity within the interior of gas giant planets [9,10,12].
Nitrogen exhibits more complex behaviors under extreme P-T
conditions, which forms a variety of polynitrogen molecules
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with a reduced bond order due to their ability to adopt dif-
fering bond types (single to triple) [16,17,22–24]. The phase
diagrams are central for understanding how nitrogen behaves
in the deep interiors of planets, where it can appear as a
molecule due to ammonia dissociation [25]. This has stimu-
lated strong research interest to probe the LLPT of nitrogen.

Enormous efforts have been made toward illustrating
the polymerization effects and thermodynamic properties of
liquid nitrogen. The chemical equilibrium model proposes
the possibility of molecular-to-polymeric transformations to
explain the second shock cooling of dynamic compression ex-
periments [26,27]. The ab initio molecular dynamics (AIMD)
simulations based on the Perdew-Burke-Erzenhof (PBE) func-
tional [16] and the strongly constrained and appropriately
normed (SCAN) meta-generalized gradient approximation
(GGA) functional [17] proffer direct evidence for the first-
order phase transition from molecular-to-polymeric fluid at
pressures of 88 and 102 GPa at a temperature of 2000 K,
respectively. Nevertheless, various experimental evidence, in-
cluding Raman studies [28,29], synchrotron radiation x-ray
diffraction measurements [30], and the latest laser heating
observations [31], show that polymeric nitrogen emerges
at higher pressures, and molecular nitrogen remains up to
116 GPa at 2080 K. The disagreements between theoretical
and experimental results are likely due to the inappropriate
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treatment of noncovalent interactions between molecules
in the exchange-correlation (XC) functional [9,17]. It has
been demonstrated that the SCAN XC functional [17] with
intermediate-range van der Waals (vdW) interactions can re-
sult in a larger transition pressure. Therefore, the predictive
determination of the short- to long-range vdW for phase tran-
sitions in liquids requires accurate descriptions for different
bond types under the effects of polymerization, which needs
further exploration.

The LLPT of mixtures is more challenging than simple
liquids due to the complex interactions between the system
components [9,32–34]. Mazzola et al. performed quantum
Monte Carlo (QMC) MD simulations on pure hydrogen and
hydrogen-helium mixtures at a solar composition to show the
crucial influence of helium on the first-order LLPT of hydro-
gen [9]. This strongly inspired exploring the effect of mixing
on the LLPT of nitrogen. Here, we focus on a binary mixture
of nitrogen and oxygen, which are the essential elemental
components of detonation products and some gaseous plan-
ets [35–38]. To our knowledge, the first-order LLPT has not
been found in liquid oxygen [39–43]. Moreover, distinct from
hydrogen-helium mixtures, the participation of oxygen in
nitrogen-oxygen (N-O) mixtures generates abundant chemical
reactions and structural evolutions under high P-T conditions
[9,22,44]. Overall, pure nitrogen liquid exhibits the first-order
character and pure oxygen does not. However, the behavior
of N-O mixtures under different N:O ratios remains unknown
and is worthy of in-depth study.

In this paper, we perform extensive AIMD simulations
to explore the potential first-order LLPT in N-O mixtures
and revisit the LLPT of nitrogen under extreme thermobaric
conditions. The SCAN functional with revised Vydrov-van
Voorhis nonlocal correlation (SCAN-rVV10) functional was
used to improve the short- to long-range vdW interaction
descriptions in nitrogen and N-O mixtures. Various physical
properties, including the equations of states (EOS), electronic
conductivities, and liquid structures, were calculated to trace
the LLPT of N-O mixtures. Moreover, four different mixing
ratios were considered to investigate the effects of mixing
on LLPT. Finally, we present a detailed structural analysis
to determine the mechanism of LLPT in N-O mixtures and
construct their LLPT boundaries. The work provides a com-
prehensive picture to understand the LLPT process in binary
N-O mixtures under different N:O ratios.

II. COMPUTATIONAL METHODS

The AIMD simulations are implemented via the Vienna ab
initio simulation package within the framework of the pro-
jected augmented-wave method [45,46]. Electronic exchange
and correlation interactions are described by the PBE [47]
functional and SCAN functional with revised Vydrov–van
Voorhis nonlocal correlation (SCAN-rVV10) [48,49], respec-
tively. The SCAN-rVV10 functional was used to include the
long-range interactions of N-O mixtures while preserving
the short- and intermediate-range description for SCAN [48].
The AIMD simulations are performed for a canonical ensem-
ble (NV T ) where the temperature, volume, and particle num-
ber in the cubic box are conserved quantities. Local thermo-
dynamic equilibrium, i.e., equal electron and ion temperatures

(T = Te = Ti), are maintained through a Fermi-Dirac distribu-
tion at fixed Te and Nosé-Hoover thermostats about Ti [50,51].
The � point is used to sample the Brillouin zone in all cases,
and electronic wave functions are expanded with a plane-wave
basis with an energy cutoff of 800 eV. Considering the crucial
role of spin fluctuations in liquid oxygen before metallization
occurs [43], the electron spin polarization is also deliber-
ated in N-O mixtures. Four N-O systems are considered in
this work (N:O=1:0, 4:1, 2:1, and 1:1). The cells containing
90–300 atoms are used to test the finite-size effects, as
shown in Figs. S1 and S2 of the Supplemental Material
(SM) [52]. It is found that the utilization of 90 atoms
is sufficient for our work. The AIMD simulations run for
at least 15 ps at each density-temperature (ρ-T ) condi-
tion with a 1.0 fs ionic time step, and the total simulation
time amounts up to 40 ps in the phase transition re-
gion. Moreover, the dynamic conductivity σ (ω) of each
ρ-T condition is calculated via the Kubo-Greenwood for-
mula [53–55] for 20 uncorrelated snapshots in the last
2 ps, where denser 3 × 3 × 3 k points are set to sample the
Brillouin zone. The dc electrical conductivity σ is given as
the static limit of the dynamic conductivity. The rationality
of this approach has been verified in previous works [56–58].
Detailed convergence tests are provided in the SM [52].

III. RESULTS AND DISCUSSION

The LLPTs of nitrogen and N-O mixtures are determined
by tracing the discontinuity (∂P/∂ρ � 0) on the isotherms
(see Fig. 1). A plateau is recognized on the pressure isotherms
of liquid nitrogen below 4000 K, which confirms the diverg-
ing isothermal compressibility [KT � −V −1(∂V/∂P)T ] in this
region. The 5000-K isotherm of liquid nitrogen does not show
a plateau, which implies there is a critical temperature point
(Tc) for LLPT between 4000 and 5000 K. From the inset of

FIG. 1. Isothermal pressure-density curves of liquid nitrogen and
N-O mixtures based on the SCAN-rVV10 functional. The plateaus
on the isotherms indicate the existence of the first-order LLPT. Inset:
Current liquid-nitrogen isotherm at 2000 K is compared with the
previous SCAN [17] and PBE [16] simulation results.
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Fig. 1, the AIMD simulations with different XC functionals
show strong deviations on the transition pressure along the
2000-K isotherm of liquid nitrogen. The transition pressure
from the present PBE functional is consistent with the calcu-
lated results from Boates et al. [16] within a 4% deviation. The
transition pressure of the current SCAN-rVV10 functional is
109 GPa, which is larger than the simulation results from the
PBE and SCAN functionals and reduces the disparity between
experiments and theories [16,17,30,31]. The SCAN-rVV10
includes the short- to long-range vdW interactions and ap-
pears to be more suitable for the LLPT coexistence district.
The participation of oxygen in N-O mixtures evidently af-
fects the LLPT of the system. As the proportion of oxygen
increases, the LLPT transition pressure of N-O mixtures is
slightly lowered, as shown in Fig. 1. More importantly, the
two-phase coexistence interval gradually narrows with an in-
creasing oxygen ratio. The 2000-K isotherm of pure oxygen
does not show any discontinuity and demonstrates that liquid
oxygen has no first-order character at similar P-T condi-
tions. At larger temperatures, the LLPT transition pressures
decrease for N-O mixtures, as shown in Fig. S3 [52]. The sig-
nature of the LLPT disappears at high temperatures, and the
critical temperatures Tc decrease at greater oxygen contents in
N-O mixtures.

To gain insights into the nature of LLPT in N-O mixtures,
the physical properties, including the equalization ratio ξ and
the dc conductivity σ , are also examined and displayed in
Fig. 2. Here, ξ = 〈d1〉/〈d2〉 is defined as the ratio between
the shortest d1 and the second shortest d2 interatomic dis-
tances [8,60]. This quantity reaches the limiting value of 1
in the polymeric fluid at high densities due to nearly the
same d1 and d2 under polymeric states, and conversely tends
to zero for molecular liquids under low-density conditions
as d1 fluctuates close to the equilibrium molecular bond
length while d2 represents the (large) intermolecular distance
[8]. It is noted from Fig. 2(a) that ξ for nitrogen displays
a noticeable jump, which occurs at the transition pressure
as identified by looking at the 2000-K isotherm. When the
molecular-to-polymeric transition of nitrogen occurs, the ξ of
liquid nitrogen approaches 1 beyond the transition pressure.
The inset of Fig. 2(a) shows that the neighbor length dis-
tribution correlations CNLDC in LLPT are distributed in two
regions with average distances of d1 ≈ 1.09 Å and d2 ≈ 2.0
Å and d1 ≈ d2 ≈ 1.29 Å, which correspond to the molecular
[Fig. S5(a)] and polymeric [Fig. S5(b)] states, respectively
[52]. Similar discontinuities occur in the N-O mixtures. How-
ever, the value of ξ decreases with the increase of oxygen ratio
and reaches 0.65 for N:O = 1:1. Accordingly, the CNLDC for
N-O mixtures in Figs. S5(c)–S5(f) shows a new distribution
area, which may indicate the formation of new molecular
structures in N-O mixtures [52].

As confirmed by previous work, the liquid nitrogen under-
goes a first-order phase transition to a polymeric liquid upon
compression [16,61], which is connected with the simultane-
ous transition from the insulating liquid to a conducting fluid.
Here, the conductive properties of N-O mixtures along the
phase transition are investigated. As illustrated in Fig. 2(b),
the dc conductivity σ of liquid nitrogen with the SCAN-
rVV10 functional gradually increases from ∼3 to ∼100 S/cm
before the phase transition, and then increases sharply to

FIG. 2. The SCAN-rVV10 calculated (a) equalization ratio ξ

and (b) dc conductivity σ along the 2000-K isotherms for liquid
nitrogen and N-O mixtures. The lines are a guide to the eye, and
the vertical bars indicate discontinuities of ξ and σ . Inset of (a): The
confidence of neighbor length distribution correlations CNLDC for the
shortest length (d1) and second shortest length (d2) of neighboring
atoms. Inset of (b): Comparison of isotherm of dc conductivity for
liquid nitrogen at 2000 K derived from SCAN-rVV10 and PBE,
respectively [59].

∼1000 S/cm once the LLPT is complete. This feature is in
agreement with the previous PBE calculations [59], except
for the transition pressure, as shown in the inset of Fig. 2(b).
The participation of oxygen significantly increases the con-
ductivities of N-O mixtures at the low-density branch before
the LLPT as oxygen contributes substantial electron mobil-
ities within this regime [40,42,43]. This weakens the jump
behavior of σ . It is noted that the σ of N-O mixtures is
beyond 1000 S/cm after the LLPT, indicating the transition to
a metallic state for the N-O mixture in the LLPT process. The
discontinuities in the equalization ratio and dc conductivity
are also captured by the PBE calculations in Fig. S6 [52].

The EOS, structure order parameters, and metallization
transition have preliminarily revealed the physical character-
istics of N-O mixtures in the LLPT process and the vital role
of oxygen. To further explore the mechanism behind this, we
examine the pair-correlation functions g(r) of N-O mixtures.
Figure 3 shows the calculated g(r) of N-O mixtures at 3.3, 4.2,
and 3.6–3.8 g/cm3 on the 2000-K isotherms, which corre-
spond to the states before, after, and in the LLPT, respectively.
For pure nitrogen in Fig. 3(a), the molecular peak at 1.09 Å in
the g(r)N-N represents the triple bonded N2 molecule, while
the peak at 1.28 Å arises from the polymer networked by
alternating single and double bonds. The evolution of g(r)N-N

definitely indicates the transformation from a molecular liquid
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FIG. 3. Pair correlation functions g(r) for N-N, N-O, and O-O of
liquid N-O mixtures calculated using the SCAN-rVV10 functional
at 2000 K.

to a polymeric fluid in the LLPT process, which agrees with
previous works [16,17]. Features uncommon to liquid nitro-
gen are present in N-O mixtures. The g(r)N-N of N-O mixtures
show the same trend as that of pure nitrogen. It is noted that
oxygen molecules are almost completely dissociated during
the phase transition, and a noticeable peak appears in the
g(r)N-O at ∼1.24 Å, which indicates the new molecular states
of nitrogen oxides (NxOy). The presence of oxygen gives
rise to the chemical reaction as N2 + O2 � NxOy. Therefore,
the LLPTs in N-O mixtures are associated with the transfor-
mation from molecular liquid to a mixed fluid of polymer
and NxOy. Note that the N-O mixtures with different oxygen
ratios show nearly the same structural properties in the LLPT
process. This cannot explain the continuous weakening of the
LLPT with an increasing oxygen concentration as reflected
in isotherms and conductivities, which needs an exhaustive
analysis.

The stability of the above-mentioned local structures can
be illustrated by the bonding lifetime τ . Therefore, we calcu-
late the bond autocorrelation function β(t ) of N-O mixtures
so that τ can be estimated using two-exponentially-decay
functions fit to β(t ) [62–67]. Detailed method descriptions are
provided in the SM [52]. Figure 4 displays the calculated β(t )
for polymeric fluid and NxOy in N-O mixtures at conditions

FIG. 4. Bond autocorrelation functions β(t ) for polymeric fluid
and nitrogen oxides of N-O mixtures at representative cases along
2000 K.

the same as in Fig. 3, and the resulting bond lifetimes τ are
listed in Table I. The typical average vibrational periods [67]
of N2, O2, and the nitrogen oxides are 12–16 fs. Under the
molecular state (3.30 g/cm3) before the transition, τN2 and τO2

are maintained for 6–11 times their average vibrational period.
For pure nitrogen, the stable polymeric state possesses a long
lifetime beyond 100 fs in the LLPT process. With an increased
oxygen participation, the lifetime of the polymeric structure
τpoly is gradually shortened to 15.5 fs for N:O = 1:1, whereas
that for nitrogen oxides τNxOy continues to increase to approx-
imately 90 fs. The dissociation and recombination of N2 and
O2 molecules, and the formation of NxOy products for N:O =
1:1 were also suggested by Jiang et al. [22], though their P-T
conditions along the Hugoniot are much high than the present
LLPT range. These imply that, in the N-O mixtures with
more oxygen, the system is composed of more stable nitrogen
oxides and the short-lived polymeric structure in the LLPT
process, which thereby results in a weakened LLPT. Above
all, it can be inferred that the LLPTs in N-O mixtures are
dominated primarily by the molecular to polymeric transfor-
mation, and the participation of oxygen weakens the LLPT by
promoting chemical reactions with nitrogen and crippling the
polymerizations. The inherent structures in the LLPT process
are illustrated intuitively from the charge density isosurfaces
of the system, as seen in Fig. S7 [52].

TABLE I. Bond lifetimes (τ ) of N-O mixtures at representative density (ρ) along the 2000-K isotherms, including N2 (τN2 ), O2 (τO2 ),
polymeric fluid (τpoly), and nitrogen oxides NxOy (τNxOy ). The lowest and highest ρ are before and after the first-order LLPT, respectively, and
the adjacent ρ expresses the coexistence region.

Nitrogen N:O = 4:1 N:O = 2:1 N:O = 1:1

ρ(g/cm3) 3.30 3.60 3.70 3.80 4.30 3.30 3.60 3.80 4.20 3.30 3.70 3.80 4.20 3.30 3.50 3.60 4.20

τN2 109.8 74.3 66.1 58.1 5.4 94.0 76.1 49.3 8.3 98.8 53.8 28.7 20.5 126.2 113.6 132.6 4.1
τO2 110 37.4 0.0 0.0 90.2 21.6 9.0 0.0 109.1 61.3 32.3 0.0
τpoly 2.0 39.2 119.8 106.5 118.4 3.0 26.2 74.9 67.9 2.9 43.3 59.2 61.7 2.5 2.6 20.9 15.5
τNxOy 15.2 47.9 80.0 64.1 9.3 98.9 94.2 80.3 14.5 50.5 86.7 93.5
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FIG. 5. The LLPT boundaries of N-O mixtures are depicted in
the phase diagram for nitrogen. Current computed transition points
and solid connected lines are determined from discontinuities of the
isotherms, structure, and transport properties, while the extended
dashes and open points are the points where the polymer fluid or
nitrogen oxides survive at least two vibrational periods. (PBE level:
Yellow line for liquid nitrogen; SCAN-rVV10 level: Claret circle for
liquid nitrogen; green diamond, blue pentagram, and orange hexagon
for N-O mixtures at 4:1, 2:1, and 1:1, respectively). Synchrotron
x-ray diffraction [30] record the crystallization of cubic gauche cg-N
(brown half diamond) and laser heating experiments [31] for the
onset of the absorptive and metallic states of the polymeric fluid
nitrogen (orange semicircles and violet half square). Previous PBE
[16,68] (light violet and light cyan lines, respectively), SCAN [17]
(light pink line), and chemical model results [26] (light yellowish-
brown line) for pure nitrogen are given for comparison. The principal
Hugoniot of nitrogen as observed experimentally [27] (solid gray
square), and predicted assuming chemical dissociation [69] (gray
dashed-dotted line); multiple shocked experimental Hugoniots of
nitrogen [70] (solid cyan pentagon), and NO Hugoniot based on
density functional theory (DFT) [71] (gray dotted line). The lower
dashed black curves displays melting curve and solid-state phase
boundaries for pure nitrogen [28–31,61,68,72,73].

Figure 5 illustrates the phase diagram of nitrogen, together
with the considered LLPT boundaries of nitrogen and N-O
mixtures. The LLPT transition pressures are determined from
the discontinuities of the isotherms and the physical properties
aforementioned in Fig. 2. There exist critical points on the
LLPT boundaries for all N-O mixtures. Above the LLPT crit-
ical point, the structural transition processes occur smoothly
in the P-T phase diagram [16,17]. Therefore, the extended
dashed lines with hollow points are estimated based on the
fact that τpoly or τNxOy are conserved for at least two vibra-
tional periods [67]. The first-order LLPT of liquid nitrogen
from the considered PBE functional is broadly consistent with
that predicted by Boates et al. [16]. Compared with SCAN
[17], the boundary line of liquid nitrogen by SCAN-rVV10
shifts approximately 7 GPa towards high pressures. The

current SCAN-rVV10 results show that polymer fluid per-
formed up to 109 GPa above the melting line, which improves
the agreement with the synchrotron x-ray diffraction [30]
and laser heating experiments [31]. This illustrates that the
vdW interactions play a key role in the LLPT of nitrogen.
Therefore, more effective approaches for the vdW effects may
be a potential way to further improve the descriptions of
LLPT. The phase transition pressure shifts to lower pressures
as the oxygen ratio increases when at the same temperature.
In particular, the phase boundaries of the N-O mixtures are
narrowed with increasing oxygen ratio, which corresponds
to a decreased critical temperature. For example, the criti-
cal temperature is 4000 < Tc < 5000 K in pure nitrogen but
drops to 2000 < Tc < 3000 K in N:O = 1:1. The first-order
LLPT becomes more inexplicit due to the influence of oxygen
doping on the structure evolution process. The single shock
Hugoniot of N2 and NO by dynamic experiments and theoret-
ical calculations are far away from the LLPT range [27,69,71].
Compared with the single shock, the multiple shocked ex-
periments [70] can reach a lower T and higher P condition,
which may provide a potential experimental pathway for the
first-order LLPT. Our current phase boundaries not only reveal
the LLPT blueprint of N-O mixtures but also provide a basis
for future experimental research of binary mixture systems.

IV. CONCLUSIONS

We perform extensive AIMD simulations to explore the
first-order LLPT of N-O mixtures under high pressures and
temperatures. The SCAN-rVV10 function is used to improve
the description for the short- to long-range vdW interactions.
The LLPTs of N-O mixtures are determined by identifying
the discontinuities on the pressure isotherms. The first-order
LLPT of N-O mixtures coincides with a nonmetal-metal tran-
sition indicated by the significantly increased conductivity
properties. Further structural analyses through pair correlation
functions suggest that the participation of oxygen introduces
chemical reactions with nitrogen, and the LLPTs in N-O mix-
tures are associated with the transformation from molecular
liquid to a mixed fluid of polymeric fluid and nitrogen oxides.
Moreover, the lifetime calculations reveal that a greater oxy-
gen concentration results in more stable nitrogen oxides and
short-lived polymeric structures, which weakens the LLPT.
Finally, the LLPT phase boundaries for N-O mixtures are
drawn, which may provide guidance for future experimental
research.
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