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Abstract

We have performed finite-temperature density functional theory molecular dynamics simulations
on dense methane, ammonia, and water mixtures (CH4:NH3:H50) for various compositions and
temperatures (2000K < T < 10,000K) that span a set of possible conditions in the interiors of
ice-giant exoplanets. The equation-of-state, pair distribution functions, and bond autocorrelation
functions (BACF) were used to probe the structure and dynamics of these complex fluids. In
particular, an improvement to the choice of the cut-off in the BACF was developed that allowed
analysis refinements for density and temperature effects. We note the relative changes in the nature
of these systems engendered by variations in the concentration ratios. A basic tenet emerges from
all these comparisons that varying the relative amounts of the three heavy components (C,N,0)
can effect considerable changes in the nature of the fluid and may in turn have ramifications for

the structure and composition of various planetary layers.
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I. INTRODUCTION

Complex fluids at extreme conditions exist in a variety of environments including inertial
confinement fusion capsules[1, 2], the initiation region for self-assembly of nanostructures[3],
and the interiors of ice-giant planets such as Uranus and Neptune[4-8]. Whatever the do-
main, a range of processes both chemical and physical involving different species in various
states of ions, atoms, molecules, clusters, and lattices can abound depending on the basic
conditions. The interiors of ice-giants, likely composed of a blend of methane (CHy), ammo-
nia (NHj), and water (H50), provide a particularly alluring example in which variations in
temperature and density give rise to a range of states encompassing atomic and molecular
fluids, dissociated plasmas, and superionic phases[9] with light species flowing through lat-
tices composed of the heavier components. Until recently, studies have been confined to a
range of conditions set by the basic consistency and evolution of our solar system. However,
in the last twenty years, this situation has dramatically changed with the explosion in the
detection of exoplanets [10-13], revealing an extensive range of systems particularly of the
ice-giant type from super-Earths to super-Neptunes. Probes have now not only detected
their existence but have provided details of their basic properties, including size, mass,
atmospheric constituents[14], and even magnetic fields[15].

As noted, many investigations have examined the nature of the interior of Uranus and
Neptune focusing on the individual species of water [16-18], of ammonia [19], and of methane
[20] as well as certain combinations such as ammonia-water[21]. Only a very few have con-
sidered a complete mixture, for example Chau et. al. [6] at a solar abundance of 4:1:7
(C3HgO:NH3:H,0), akin to the experiments in Ref.[22] (where we note that here the con-
centration ratio is to be understood in terms of the molecular species, not in terms of C:N:O).
However, to encompass these new discoveries necessitates expanding the density, tempera-
ture, and composition limits beyond our two solar examples. For this paper, we therefore
explore the effects of different concentration ratios within a density and temperature range
representative of interiors of possible ice-giant exoplanets. We employ a 1:1:1 case as a
standard for comparison and gauge the effects of varying the carbon, nitrogen, and oxygen
concentration ratios. This is an extensive study performed for the first time over such a
broad parameter domain.

In order to characterize this complex medium, we employ a molecular dynamics approach



based on a finite-temperature density functional formulation that accurately represents the
various quantum interactions and movements of the particles. Various properties then fol-
low from the electronic wave function and the trajectories of the heavy particles such as
the equation-of-state (EOS) and transport coefficients. In addition, various insights into the
static and dynamical structure arise from the pair distribution (PDF) and bond autocorre-
lation (BACF) functions. We pay particular attention to the latter, which contains certain
ambiguities in the choice of the representative bond cut-off separation, and offer a concise,
reproducible prescription for selecting this parameter from a physically motivated model
based on the PDF. The procedure applies equally to a variety of conditions and yields a
natural way to determine the distance at which atoms no longer form a molecular complex.
In addition, we introduce a Kohlrausch functional analysis, used in studies of viscosity [23],
to determine an effective bond lifetime that characterizes the duration of the molecular
structures. While none of these various analysis tools gives in itself a complete picture of
such a complicated mixture, the combination can provide considerable insight into the basic
nature of the system.

The next section (II) presents a description of the methods used for the quantum molec-
ular dynamics simulations and the analysis of the complex fluid. Section III details the
results of these calculations along with assessments of the structure and behavior. Finally,

in Section IV, we summarize our basic findings.

II. FORMULATION
A. Molecular Dynamics

We employ a standard quantum molecular dynamics (QMD) formulation by considering a
cubic cell of volume (V=L3) of N; ions and N, electrons, periodically-replicated throughout
space in a manner consistent with previous works on warm dense matter [16, 17, 19]. We
invoke the Born-Oppenheimer approximation to separate the electronic and nuclear motions
with the nuclei moving according to classical equations of motion in response to a force on
an ion from the interactions with other ions and a quantal contribution from the electrons at
a fixed ion configuration [R;, i=1,N;]. The repetition of this two-step process over a series of

time steps constitutes the molecular dynamics prescription that produces a trajectory of ionic



positions and velocities as well as an electronic wavefunction W(r;, R;,t) with the electrons
occupying positions r = [ry,...,ry,| . Various static, dynamical, and conductive properties
derive from the trajectory information. Local thermodynamic equilibrium, equal electron
and ion temperatures (7T, = T; = T), is maintained through a Fermi-Dirac distribution at
fixed T, and a Nosé-Hoover thermostat[24] about 7;.

To effect the QMD simulations, we employed the Vienna ab initio Simulation Package
(VASP) [25-28], version 5.2.12, with the electronic wavefunction determined from Finite-
Temperature Density Functional Theory within the Kohn-Sham convention [29-34] with the
electron-ion interaction modeled with the projector-augmented wave (PAW) pseudopoten-
tials [35, 36] and the exchange-correlation functional of Perdew, Burke and Ernzerhof [37].
The PAWs had an energy cut-off of 700 eV while we employed a plane-wave cut-off of 1000 eV.
The number of electronic states (bands) depended on the system size and temperature with
the requirement that the highest has an occupation number < 107°. The Baldereschi mean-
value point [38] was used to sample k-space. The electron temperature was introduced
through the Mermin[31] prescription and set by a Fermi-Dirac weighting of the occupied
bands|33].

All simulations were performed at a representative density of 3.0 g/cm?® and temperatures
between 2, 000 K and 10, 000 K with time steps of At = 0.25fs and At = 0.3125fs for T above
and below 5000 K respectively. This choice of time step faithfully tracks the movement of
the lightest species in the system, hydrogen, at a given temperature and density. Typical
trajectory lengths were on the order of 20 ps. We performed calculations on six different
mixing ratios (CH4:NHj3:H20) to cover a range of possible interior compositions. These
included an equal concentration (1:1:1), which provides our reference case, oxygen-rich (1:1:2
and 1:1:3), and nitrogen-rich (1:2:1 and 1:3:1) as well as (2:1:4), which more closely represents
planetary conditions. For a particular concentration ratio, the total number of atoms N,,
including the hydrogen, = 5N¢ 4+ 4Ny + 3Np, where Ny is the number of carbon, nitrogen,
and oxygen atoms respectively. For example, a 1:1:1 mixture with No = Ny = Np= 16
will consist of a total of 192 atoms. Also, since each molecular species has but one heavy
component, the number of molecules of type XH,,, where X is a heavy atom, is the same as
the number of heavy atoms Nxpy, =Ny.

We conducted representative system size convergence tests for a 1:1:2 mixing ratio, ex-

amining cases with total atom numbers (N,) of 120, 240, 360, and 480 for No = 8, 16,



32, and 48, respectively, at T = 10,000 K. The pressures and internal energies per particle
(eV/atom) are converged to less than 1% for all system sizes. These choices of parameters
also produce similarly converged results for various structural properties. Tablel lists the

particle numbers employed in the standard MD runs for each relative concentration ratio.

C:N:O N Ny Np N,

1:1:1 20 20 20 240
1:1:2 16 16 32 240
1:1:3 12 12 36 216
1:2:1 16 32 16 256
1:3:1 12 36 12 240
2:1:4 20 10 40 260

TABLE I: Particle numbers for standard molecular dynamics runs for different relative concentra-

tion ratios: C:N:O.

For most of the simulations, we employed initial conditions based on a random distribu-
tion of the atoms. The simulations at 10,000 K began from a random sample, and the next
lower temperature then utilized a representative snapshot of the atomic positions from the
equilibrated trajectory at 10,000 K. Likewise an equilibrated snapshot from 7000 K was used
to seed 5000 K and so on down the temperature line to 2000 K. Finally, from the MD trajec-
tories, we extracted the electronic component of the pressure and internal energy. Adding to
these an ideal gas contribution due to the kinetic motion of the ions, produces a total pres-
sure (P) and internal energy (U) and therefore an equation-of-state (EOS) for the mixture.

Finally, a correction for quantum statistics [39] is added to the this result.

B. Structural Analysis

We describe below a variety of tools including the pair distribution function (PDF) and
the bond autocorrelation function (BACF) employed to examine the basic structure of the

complex fluid.



1. Pair Distribution Functions

We define the pair distribution function (PDF) for species o and 3 as[40]:

No Np

o) = 3737 D0 D000k =15 = ), 1)

=1 j=1

with N, the number of atoms of species a and r; the position of the i-th atom. In the case
that o and 3 are the same, N3 — Nz — 1 and the sum on j can not equal 7. The brackets
(---) indicate an ensemble (temporal) average. The function gives the probability of finding
an atom of species 3 at a distance r from species a. For a completely noninteracting system,
ga3 = 1 for r > ryg, the Wigner-Seitz radius. However, our systems are highly correlated
due to strong molecular and atomic interactions which leads to structure in the PDFs. The
first coordination number n',z, giving the number of nearest-neighbors of type 8 around an

atom of species «, provides additional information from the PDF:

nla[g = 47rp5/ gag(r)Ter, (2)
0

where pg = Ng/V is the number density of species 5 and 7, is the position of the first
minimum in the PDF.

As an example, we display in Fig. 1 the PDF for C-H at 2000K in a 2:1:4 mixture. We first
note the sharp peak around r ~ 1.0 A, which corresponds fairly closely to the equilibrium
distance of the C-H bond in various molecular systems (CH, CHy, CH4). The magnitude
of the peak suggests that a considerable number of H atoms remain bonded to C, which is
further confirmed by a n'cy ~ 2.2 for 1, = 1.3 A. An isolated methane molecule would
have a n'cy of 4. At larger radial distances, the behavior resembles more a liquid with
broad undulating peaks around unity. This suggests that some of the H atoms have bonded
together or to other species or remain free. We shall address this condition in more detail
in Section III. While providing basic structural information, the PDFs and coordination
numbers give only an overall stationary view since they involve temporal averages over the
equilibrium trajectories; they do not involve time evolution information. We seek additional

diagnostic tools that sample the transient nature of the system.
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FIG. 1: (color online) Pair distribution function for C-H at 2000K for a 2:1:4 mixture. Insert:

Gaussian fit to the first peak to determine rqy.

2. Bond Autocorrelation Functions and Lifetimes

The bond autocorrelation function (BACF') describes the likelihood that a given bond at

time ¢ = 0 will still exist at a later time t. We use the notation

_ (B BO)
50) = T 5Ry ©

where B(t) is a binary object. If a bond exists, then B(t) = 1; if not B(t) = 0. The brackets
indicate an ensemble average, and the denominator serves to normalize the ¢ = 0 value to
unity.

The identification of a bond requires the choice of a characteristic radial cut-off r.,;, which
is somewhat arbitrary [6]. The equilibrium bond distance of an isolated molecule might
provide a suitable choice, but this neglects temperature and density effects that can play a
crucial role in these complex fluids. Such a selection also fails to capture the full vibrational

excursions of the bonded atoms. We instead base our choice on quantities derived from the



MD simulations, namely the PDF at the lowest temperature at a given density. As indicated
by the insert in Fig. 1, we fit the first peak that occurs around the molecular bond length

to a Gaussian. We choose r.; in terms of the parameters of the fit, in particular, the mean

(Tmean) and deviation (o) such that

Teut = Tmean 1 f07 (4)

where f is a positive number. As an example, if we wish to include ~ 95% of the area under

the peak, we would choose f = 2.
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FIG. 2: (color online) CH BACF for various 7¢,; values at T'= 2000 K for a 2:1:4 mixture.

We return to our example of the previous section, the behavior of CH in the 2:1:4 mixture
at 2000 K, and display in Fig.2 the BACF for CH pairs using various values of 7, from
Eq.(4) with 7mean = 1.025A and 0 = 0.075 A as well as 7., from the PDF. The labels
indicate a value of f for the multiplier of o. At early times, distinct plateaus exist in the
BACF, which indicate a stable bond configuration for the temporal duration of the plateau.

We can use this information to assess the choice of f and hence r.,. The left panel in

8
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FIG. 3: (color online) Plot of the average trajectory (solid and dashed lines) of a C-H pair that
has a bond lifetime corresponding to the quick descent after the second and third plateau in the
top panel of Fig. 2. These decays correspond to a pair dissociating after two and three vibrations

respectively. The shaded region indicates the full excursion of all bonded C-H pairs.

Fig.3 gives a temporal sketch of the behavior of the CH bond for the second plateau (2
vibrations). The shaded area gives the full excursion for all the C-H pairs with the solid line
designating the average, which oscillates around 7,6.n given by the PDF. The pair remains
bonded for about 25fs, a time about twice the ground vibrational period[41] of an isolated
C-H molecule (13fs), and then dissociates as indicated by the concomitant decay of the
BACF. A choice of f = 20 includes most of the excursion of the pairs. Similarly, the
right panel in Fig.3 presents a depiction for the third plateau (3 vibrations). Again, the
choice captures the extent of the bond oscillation and therefore provides a good candidate
for r., that includes the relevant physics without over-counting dissociation events since
collisions tend to degrade vibrational stability at higher temperatures. This allows us to
compare directly the effect of temperature on the average lifetime of a bond at a given
density. We stress one final point that the form of the BACF is sensitive to the choice of
rewr @s evidenced in Fig. 2; the value between a choice based on f = 2 and on r,,;, varies
only from 1.2 A to 1.3 A respectively. The quantity better serves for relative comparisons

based on a well-defined, consistently-applied convention.
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FIG. 4: (color online) Pair distribution functions (PDFs) in the CH4:NH3:HoO = 1:1: 1 mixture
for H-X pairs as a function of temperature: 2000 K (magenta/dot-dash); 4000 K (red/short dash);
7000 K (blue/long dash); and 10,000 K (green/solid).
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FIG. 5: (color online) Effective BACF lifetimes 7% (fs) as a function of temperature (T) in the
CH4:NH3:HpO = 1 : 1 : 1 mixture for the H-X pairs: C-H (green/solid); N-H (blue/dash); and
O-H (red/dot)

Now that we have established a technique for determining r.., we examine the actual
bond lifetime as portrayed by the BACF. In Fig. 2, the BACF clearly exhibits at least two
lifetimes: one (or a few) for the molecular vibrations and another for the tail, which is not
necessarily a pure exponential. We use a general Kohlrausch function [23], applicable to

relaxation and decay processes, to describe the long-time behavior of a form:

<B<t)> = aexp (_ (t/Ta)a) , 1> Tyib, (5)

where 7, is a point beyond which the plateaus in the BACF no longer have steep decays.
The value of a has physical significance. The case a = 2 corresponds to a Gaussian distribu-
tion of bond lifetimes, expected in the hot, dense limit for which molecular vibration plays
no role and the chance that two atoms stay close for a long time is determined by collisional
collusion or random chance. At the other end, a = 0 corresponds to an instantaneous re-
laxation to 1/e and then an infinitely long separation time, representing a bonded system.
If two atoms are bound and stable against thermal fluctuations and collisions, we would
never expect their bond to decay in time. Therefore, when o drops below unity, we begin to

see long-lived bonded complexes. The bond lifetime establishes a lower bound because the
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FIG. 6: (color online) BACFs for HoO, NHs and CHjy in the 1:1:1 mixing ratio as a function of
temperature: 2000 K (magenta/dash-dot); 4000 K (red/short dash); 7000 K (blue/long dash); and

10,000 K (green/solid).
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first time that the separation exceeds the cut-off, the calculation ceases. However, due to
distortions caused by the medium, the bond may make an excursion beyond the cut-off for
several consecutive time steps and then return within the prescribed limit for an extended
period. In this case, the bond lifetime is actually longer than 7.

We return to our example of CH, apply Eq. (5), and find that 7, = 86 fs with a = 0.7.
As anticipated from the PDF analysis, these parameters indicate a moderately stable bond.

We define an effective lifetime 7* as the value of the integral of Eq. (5) over time, namely,

o (1 + é) | (6)

where I' is the Gamma function. This incorporates both aspects of the Kohlrausch function
and permits a more direct comparison among various bond configurations. In our example,
7 = 110fs.

We have developed a set of prescriptions to describe the basic nature of this complex
fluid environment. Based on the underlying system properties, each has a certain validity as
relative descriptors among various concentration ratios. However, given the small number of
particles (200-300) in the simulations, the results should be viewed with some caution and

used basically for comparative purposes.

III. RESULTS AND DISCUSSIONS

We present results for various relative concentration ratios of CHy, NHj3, and H,O at a
representative density of 3g/cm? for temperatures between 2000 K and 10000 K, which spans
a pressure range of 200 - 350 GPa. Our main concern focuses on the effects of concentration
ratio changes on the basic nature of the mixtures. Given studies on methane [42], ammo-
nia[19, 21|, and water[16, 17, 43] systems, this choice of density and temperature covers
a representative regime, rich in complexity, that corresponds to possible planetary states.
We consider the various mixtures of C, N, and O and employ the 1:1:1 case as a compar-
ative standard. As such, this case will receive a detailed explication in order to make the
nitrogen-rich (1:2:1; 1:3:1), oxygen-rich (1:1:2; 1:1:3), and planetary (2:1:4) examples more
apparent. Finally, while not the focus of this study, we include a brief illustration of the

effects of increasing density on the mixture structure and bond lifetime.
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A. 1:1:1 Mixture
1. Hydrogen

We begin our examination of the 1:1:1 mixture by considering the behavior of hydrogen
with respect to the other components. Figure4 displays the PDFs for for X-H combinations
as a function of temperature. At the lowest temperatures, the PDFs exhibit distinct peaks for
the heavier species at around 1 A. This distance closely corresponds to the equilibrium bond
separation for CH, NH, and OH. These lengths vary little for more complex configurations
(e.g., CHy) from the diatomic values and therefore suggest the existence of some molecular
species of the form XH,. On the other hand, the small H-H peak around 0.8 A signals the
presence of Hy molecules and indicates that some hydrogen has dissociated from the heavier
atoms. As the temperature rises, this peak weakens and completely disappears by 10,000 K
marking the passage to a dissociated medium. The BACF effective lifetimes further reinforce
this picture as seen in Figh. At 2000K, 7* varies from 20fs in OH to 90 fs in CH, from
two to nine times the average vibrational period[41] of the diatomics (=~ 10fs). This value
plunges rapidly as the temperature increases, becoming shorter than a single vibrational
period and signaling dissociation. Both the PDFs and the lifetimes depict a change in the
general character of the mixture at about 4000 K. How this affects interior models will be
the subject of future work.

We can gain further insight into the structure of the mixture through the coordination
numbers and the BACF. The first coordination numbers for the X-H pairs are greater than
unity and therefore signify transient complexes more complicated than simple diatomics. In
order to explore the stability of such formations as HyO, NH,, and CHy, we must introduce
an additional caveat into the definition of the BACF: for the N-body complex to exist, at
least N-1 bonds must be present. For example, in the water system O bonds between the H
atoms (H-O-H) and the other case of O with two H atoms (O-H-H) exist with no distinction
made between the order of the atoms. In Fig. 6 we give the BACFs for H,O, NH, and CH,
at various temperatures for the mixing ratio 1:1:1. The latter two cases are precursors to
the formation of ammonia and methane. Effective lifetimes of these complexes remain much
shorter than their two-body X-H counterparts (see Fig.5). For example, at 2000K, 7% =
7.51s, 231fs, and 40fs for H,O, NHy and CHs, respectively, with this relative ordering in

14



the lifetimes continuing to higher temperatures. This behavior indicates that ammonia and
methane, when they form, only do so for a short time before collisional processes dislocate
a hydrogen from their clutches. Finally from Fig. 6, we observe that the plateaus and steep
declines of the two-body case (as in Fig. 2) also appear for three bodies identifying transient

vibrational stability of the molecular formations.

2. Nitrogen and Ozygen

Nitrogen and oxygen display a very different behavior from that of hydrogen as seen in
Fig. 7, which gives the PDFs for N-N, N-O, and O-O as a function of temperature. No
distinctive molecular peaks appear at the equilibrium separation for the diatomic species
(1.06 A-12 A) except for a comparatively weaker contributions for Ny at temperatures above
4000 K. However, prominent features do appear, especially at low temperature, around 2.2 A
- 2.4 A, which signify a highly-correlated structure among the nitrogen and oxygen atoms|6).
In support of this description, analysis gives first coordination number n' values of around
3-4 and movies of the simulation trajectory depict a network of inter- and intra-combinations
between N and O atoms as shown in Fig. 8 for a r.,; of 2.6 A. This network does not form a
static, regular lattice as in the case of a superionic phase[21], but very slowly distorts over
time as viewed in movies. Still this behavior does seem to presage the formation of a more
stable lattice structure. No particular order appears in the various bonding combinations of
N and O although from the PDFs, N-O and O-O pairings seem preferred.

For the BACF, a r.; based on a maximum value alone is sometimes insufficient; a mini-
mum value may also be necessary in order to exclude simple molecular formations; the first
peak in the g(r). We therefore introduce the criterion akin to Eq.(4): Tcut = Tmean £ 20.
Due to the asymmetry in the peak, the Gaussian fit weights more the values of r < Tpean
giving a smaller spread in the allowed .. Figure 9 presents the results for O-O in a 1:1:1
mixture for various temperatures. The higher temperature results do not support a stable
structure as indicated by the exponential decay (o & 1). At lower temperatures, however,
the behavior becomes extremely non-exponential, and the value of a quickly deviates from
unity. For example, at T"= 2000 K, o« = 0.2. Such small values of a require very large win-
dows to correctly capture the decay of the tail. For that reason, the 7* given in the figure is

only a rough estimate. A 7* of 30fs is on the order of those of the H-X molecular lifetimes,
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FIG. 7: (color online) Pair distribution functions (PDFs) in the CH4:NH3:HoO = 1:1: 1 mixture
for the NN, NO, and OO pairs as a function of temperature: 2000 K (magenta/dot-dash); 4000 K
(red/short dash); 7000 K (blue/long dash); and 10,000 K (green/solid).
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FIG. 8: (color online) Snapshot showing only the nitrogen and oxygen atoms and related bonds
for a 1:1:1 mixture at 2000 K. Atoms appear as spheres and bonds as cylinders with O atoms and

0-0 bonds as blue, N atoms and N-N bonds as green, and N-O bonds as purple.

implying a stability at a separation of around 2.2 A. As with H-X, a rise in temperature
leads to considerable dissociation although a weak memory of the structure lingers even at
10,000 K. Also, diatomic nitrogen remains, which presents no surprise given its significant
binding energy (9.6 eV) compared to the other combinations [41].

We have hints that the observed structure might lead to a superionic phase since both
pure ammonia[19] and water[16] as well as their mixture[21] support such a condition. A
definitive demonstration would require the examination of a variety of solid regular lattices
and their behavior at elevated temperatures and density variations, which is outside the
purview of the present study. This plausible speculation though may well rest on the effects

of carbon on these mechanisms.
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FIG. 9: (color online) OO BACF for various temperatures in the 1:1:1 mixing ratio as a function of
temperature: 2000 K (magenta/dot-dash); 4000 K (red/short dash); 7000 K (blue/long dash); and
10,000 K (green/solid). a << 1 for T' = 2000 K.

3. Carbon

In Fig. 10, we investigate the influence of carbon on the system by considering the PDF's
as a function of temperature. Large, distinctive peaks appear at the characteristic bond
lengths[41] for the diatomics Cy (1.24A), CN (1.17A), and CO (1.13A) for all tempera-
tures. The CO contribution remains the weakest. The height of all the peaks diminishes as
the temperature increases, but never completely vanishes, unlike the molecular signatures
associated with the H-X and the N-O complexes except for N,. The peaks for CO and
CN occur very near their respective diatomic bond length while that for C-C appears at a
somewhat larger distance (=~ 1.4 A), more characteristic of the carbon bonds in larger hy-
drocarbon chains and clusters[20]. We can use the BACF to explore this possibility in more

detail. Figure 11 displays the BACF for C-C-C formation as a function of temperature. The
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FIG. 10: (color online) PDFs for C as a function of temperature: 2000 K (magenta/dot-dash);
4000 K (red/short dash); 7000 K (blue/long dash); and 10,000 K (green/solid).
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FIG. 11: (color online) BACF for CCC as a function of temperature: 2000 K (magenta/dot-dash);
4000 K (red/short dash); 7000 K (blue/long dash); and 10,000 K (green/solid).

lifetimes associated with the BACF's, especially at the lower temperatures, remain much
larger (= 100fs) than the 18fs vibrational period[41] of Cs, suggesting that complexes of
carbon atoms C,, likely exist within the mixture. A simple cluster analysis[44] of the trajec-
tory also supports this picture and yields the most likely complexes as containing 5 and 8
atoms although more than 30% of the carbons remain solitary.

Viewing movies of the trajectory gives further evidence for the stability of moderate-sized
chains over time scales greater than 100 fs (see e.g., Fig. 12). Given the strong presence of C-
H bonds as indicated in Fig. 4, these chains are likely hydrocarbons. However, C-N and C-O
bonds also appear that complicate the structure. In fact, a small number of diatomic CN
molecules exists along with other N and O atoms tied to the carbon chains. This presents
a complicated picture as the N-O network structure has some connections to the C chains,

which could retard any separation of the C from the N-O structure.
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FIG. 12: (color online) Snapshot showing the carbon atoms and related bonds for a 1:1:1 mixture
at 2000 K. For convenience the NO from Fig. 8 are replotted to show the relative positions of all

the heavy atoms in the cell.
4. Density Variations

We briefly examine the effects of compression on the structure and bonding properties
by considering densities of 3.5 and 4.0 g/cm? for temperatres of 2000, 5000, and 10000 K for
the 1 : 1 : 1 mixture. As expected, the pressure not only rises with 7" as in the 3.0 g/cm?
case, but also with density. For 4.0 g/cm?, the pressure ranges from 550 to 673 GPa over a
temperature span from 2000 to 10000 K.

In Fig. 13, we present an illustration of pressure changes by examining the behavior of
the effective lifetime 7* of the BACF, which indicates that the CH, NH, and OH systems
display different behavior with density. As an example, we consider the lowest temperature
(2000 K). The CH bond begins as the most stable and then levels off. On the other hand,
the NH lifetime quickly decreases and then increases with density. This indicates an initial
destabilization, likely due to collisional processes dislodging the H atoms from N, which is

hindered at higher densities. However, the OH molecule decreases a little, and then increases
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FIG. 13: (color online) Variation of 7% with density as a function of temperature.

a little, and in that interim becomes more stable than the NH molecule to decay.

5. Summary

In TableIl we summarize for the 1:1:1 mixture our bonding findings across the range of
temperatures. We use a color scheme to separate strong (red), medium (blue), and weak
(green) bonds. If a bond pair is listed then this means that the g(r) peaks above a value
of 2. A strong bond is defined as being one where the bond’s lifetime 7* is greater than
8 vibrational periods. A moderate bond has a 7* of 2-8 vibrational periods while a weak
bond is less than 2 vibrational periods. Since the phase table does not change with respect
to density variations, only the 3.0 g/cm?® data is represented. In addition, above 7000 K the
behavior is roughly identical in terms of the phase structure as represented so we do not
include it in this table.

Across the concentration ratios general trends appear. NH and CH formations begin to
moderate between 2000 K and 3000 K, and are for practical purposes dissociated by 5000 K
since they stay correlated for one vibrational period or less on average. However the CC
and CN formations begin to moderate between 3000 K and 4000 K and persist into much
higher temperatures. We do not distinguish between NH,, complexes in this table. For
instance, NHy may be a large constituent of the HN bonding at 2000 K. Similarly, CH,

could be responsible for a sizable fraction of the low-temperature CH bonding we see. The
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C:N:O 2000K 3000K 4000 K 5000 K 7000K

1:1:1 |CH NI OH|CH NI OH|CIH NH OH|CHH NH OHCH NH OH
CC CN CC CN CC CN CC CN CC CN

1:1:2 |CH NH OH|CH NH OH|CH NH OH|CH NH OH|CH NH OH
CC CN CC CN CC CN CC CN CC CN

1:1:3 |CH NH OH|CH NH OH|CH NH OH|CH NH OH/CH NH OH
cC CC CC CC CC

1:2:1 |CH NH OH|CH NH OH|CH NH OH|CH NH OH|CH NH OH
CC CN CcC CN CcC CN CC CN CC CN

1:3:1 |CH NI OH|CII NI OHCH NH OHCH NH OHCH NH OH
CC CN CcC CN CcC CN CcC CN CC CN

2:1:4 |CH NH OH|CH NH OH|CH NH OH|CH NH OH|CH NH OH
CC CN CcC CON CC CN CC CN CC CN

TABLE II: (Color online) Types of bonds that are present at each concentration ratio. If the
molecular coordination number is greater than 0.4 the bonds of the molecular species are drawn.
Red, green, and blue indicate a strong, moderate and weak bond respectively. Strong is applied
to bonds whose effective lifetime 7* lasts longer than 8 vibrational periods while moderate bonds

last between 2 and 8, and weak bonds less than 2 vibrational periods.

interesting item to note is the lack of CO bonding to show up even in the oxygen dominated
systems. In fact, in those systems there is a preference for longer lived NH species at higher

temperatures.

B. Other Mixture Ratios

How does this general picture change with variations in the concentration ratios of the
components? To answer this question requires examining additional descriptors that distill
the large amount of information into manageable and representative markers. By their
nature, these markers are semi-quantitative and yield an overall picture of the basic trends.
For example, the equation-of-state characterizes the condition of the whole medium and

thus gives only a general overview of the changes. Still, Fig. 14 shows a distinct difference
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between oxygen- and nitrogen-rich systems. The addition of nitrogen has little effect with
respect to the 1:1:1 mixture; however, increasing the oxygen content results in a noticeable
decrease in the pressure by 20-30%. The same trend follows for the internal energy although
the effect is not as pronounced. Were this a simple volume effect, the trends in adding more
N or O would be similar; the behavior indicates more complicated processes are afoot. A
table of the EOS values appears in Appendix A. To investigate this behavior further requires
examining quantities such as diffusivity and viscosity that probe more deeply into the fluid;
areas of study for future research.

As we have seen above, the PDFs yield considerable information on the nature of the
fluid. Therefore, comparing distinct features of the PDF's should provide insight into these

changes. Based on the differences in some of the principal peaks of the PDFs, we define

Capl@:b:c)=[gap(a:b:¢)—gap(l:1:1)]/gap(1:1:1), (7)

where gop(a : b : ¢) is the maximum value of the PDF for species pairs (a, ) for thea : b : ¢
mixture. Negative (positive) values indicate lower (higher) numbers of a particular bond
pair with respect to the 1:1:1 mixture. A value of zero denotes the same basic peak height
as in the 1:1:1 example. These comparative values must be interpreted with respect to the
actual magnitude of the various PDF peaks. For example, the PDFs for HH and CO have
much smaller maxima at the prescribed distances than the N-O group and other members
of the C-X and H-X pairs. Consequently, a large change in c¢co may not signal a major
change in the nature of the mixture since the total number of bond pairs remains small. In
addition, the basic trends found using maxima of the PDFs are generally mirrored in the
coordination numbers.

We shall focus on the T = 2000 K case, which gives the greatest diversity. As the tem-
perature rises, the overall mixture becomes less complicated eventually reaching a nearly
totally dissociated medium at T = 10,000 K. Figure 15 presents the c,5(a : b : ¢) coefficients
for three groupings of the various species with the comparison points selected as the first
maximum for N and O combinations (r &~ 2.2A) and the molecular peaks for the C-X and
H-X pairs. For the nitrogen-rich case (b > a,c), we observe a systematic drop in the number
of Hy, H-O, and C-O bonds and a growth in the number of N-O bonds. The other combina-
tions lack clear trends to their behavior. For example, the N-N pairs decrease for the 1:2:1

case but then for 1:3:1 return almost to the 1:1:1 value. Although the number of Hy bonds
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decreases by a substantial amount, the total number of such bonds is never very large (see
Fig.4). The same holds true for C-O bonds, but to a lesser extent. The general effect of
increasing the amount of N seems rather muted.

The situation changes substantially for the oxygen-rich mixtures (¢ > a,b). Compared to
the nitrogen-rich systems, the number of Hy bonds also drops, the other hydrogen-bonded
species as well as C-O show pronounced increases while N-N and O-O decrease considerably
(> 30%). The N-O bonds show only a modest increase in numbers for 1:1:2 (= 10%) and
1:1:3 (=~ 5%) ratios. Some of the excess O and N form additional N-O bonds in the network.
In general, the mixture responds more actively to an infusion of oxygen. The planetary case
(2:1:4) also encompasses an oxygen-rich environment moderated by more carbon. The trends
basically follow those for the oxygen-rich case in regards to the H-X and N-O combinations
but have a very different behavior for the C-X case with only small changes (< 20%) from
the 1:1:1 reference.

Finally in Table III, we present the effective bond lifetimes for the H-X pairs as a function
of mixture composition. While differences exist between the different species combinations,
the lifetimes remain basically unchanged across the various mixtures, indicating a very
weak sensitivity to the composition. A basic tenet emerges from all these comparisons that
varying the relative amounts of the three heavy components (C,N,O) can effect considerable
changes in the nature of the fluid and may in turn have ramifications for the structure and

composition of various planetary layers.

Molecule|1:1:1|1:1:2(1:1:3|1:2:1|1:3:1|2:1:4

fs) | 51 | 40 | 59 | 41 | 59 | 55

(
6y (f5) | 91 [ 109 | 112 95 | 96 | 105

mh (fs) | 55 | 63 | 69 | 57 | 46 | 66

5 (fs) | 23 | 28 [ 29 | 26 | 18 | 33

TABLE III: Effective bond lifetimes at T=2000K as a function of mixture composition.

IV. SUMMARY

We have performed finite-temperature density functional theory molecular dynamics sim-

ulations on methane, ammonia, and water mixtures (CH,:NHj3:H,O) for concentration ratios
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and temperatures that span a set of possible conditions in the interiors of ice-giant exoplan-
ets. This is a first of its kind domain spanning study. The equation-of-state, pair distribution
functions, and bond autocorrelation functions (BACF) were used to probe the structure and
dynamics of these complex fluids. In particular, an improvement to the choice of the cut-off
in the BACF was developed that allowed refinements for density and temperature effects.

Calculations at a representative density of 3 g/cm® and temperatures from 2000K -
10,000 K reveal a complex environment of molecular structures and dynamical processes. At
lower temperatures, we observe amorphous structures of N and O atoms while C forms short
chains. Hydrogen atoms play multiple roles: some binding to the various heavy constituents
and some flowing freely within these formations. As the temperature rises, the bonds mostly
break, resulting in the formation of an atomic fluid. This study has emphasized the depen-
dence in the nature of this mixture as a function of changing the relative concentration
ratios in order to examine a broader set of conditions that might arise in the expanded set
of ice-giant exoplanets. Additionally, for the 1 : 1 : 1 mixture, we varied the density to
3.5g/cm?® and 4.0 g/cm? for select T and found the pressure to rise with increasing density
and the bond lifetime to decrease then increase in the NH and OH systems, though more
noticeably in the NH system.

The analysis of the BACFs in conjunction with the PDFs has given insight into the
nature of warm fluid mixtures of relevance to ice-giant conditions. Dissociation of H atoms
from their heavy partners, the formation of complex bound states, and transient molecular
formations are studied at high pressures yielding understanding of the intricate nature of
high pressure chemistry at the heart of planetary science. Future work will endeavor to
explore the relation of the bonding mechanisms and their breaking in relation to diffusivity

and viscosity.
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Mix |T (K)|P (GPa) |E (kJ/g)|Qcorr(IJ/g)
1:1:1{10000| 334 -47.0 0.42
1:1:1} 7000 301 -52.9 0.55
1:1:1| 5000 279 -58.2 0.76
1:1:1} 4000 268 -61.9 0.97
1:1:1| 3000 260 -66.7 1.28
1:1:1| 2000 248 -71.6 1.69
1:1:2|10000| 293 -47.1 0.39
1:1:2} 7000 262 -53.1 0.51
1:1:2} 5000 241 -58.4 0.70
1:1:2] 4000 232 -62.2 0.89
1:1:2| 3000 222 -66.6 1.18
1:1:2} 2000 214 -70.8 1.54
1:1:3]10000| 269 -47.1 0.34
1:1:3] 7000 240 -53.0 0.47
1:1:3| 5000 220 -58.6 0.68
1:1:3| 4000 210 -62.2 0.87
1:1:3} 3000 202 -66.6 1.13
1:1:3| 2000 194 -69.9 1.41

TABLE IVa: Equation-of-state data for the different mixing ratios in this study. All data done at

3

a density of 3.0g/cm®. The quantum correction is included in the last column so as to compare

the size with the inherent spread found in these calculations.

computation time.

Appendix A

We present the EOS data for each mixing ratio in Tables IIIa-b. The pressures include
both the electronic and ionic contribution. The energy E includes only the electronic contri-
bution. The quantum correction Q. to the ionic contribution is given in the last column so

the magnitude can be appreciated in comparison to classical value. This correction accounts
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Mix |T (K)|P (GPa) |E (kJ/g)|Qcorr(IJ/g)
1:2:1110000| 333 -47.6 0.42
1:2:1] 7000 300 -53.4 0.58
1:2:1| 5000 278 -99.0 0.78
1:2:1} 4000 268 -62.8 1.01
1:2:1| 3000 259 -67.5 1.30
1:2:1| 2000 250 -72.2 1.66
1:3:1110000| 332 -47.9 0.43
1:3:1] 7000 300 -93.8 0.57
1:3:1] 5000 278 -99.5 0.77
1:3:1] 4000 268 -63.5 0.98
1:3:1} 3000 258 -68.7 1.31
1:3:1} 2000 250 -73.0 1.67
2:1:4|10000| 288 -46.8 0.37
2:1:4| 7000 257 -52.5 0.50
2:1:4| 5000 236 -57.9 0.69
2:1:4| 4000 227 -61.7 0.64
2:1:4| 3000 | 21810 -66.0 0.84
2:1:4| 2000 210 -70.0 1.49

TABLE IVb: Same as Table I'Va.

for the zero-point motion of the atoms and is explained in Ref. [39]. The correction is small
except at the lowest temperature where it reaches a few percent of the classical energy. The

internal energy U = E + ngT + Qcorr-
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