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ABSTRACT

A notorious challenge in high-pressure science is to develop an equation of state (EOS) that explicitly treats chemical reactions. For instance,
many materials tend to dissociate at high pressures and temperatures where the chemical bonds that hold them together break down. We
present an EOS for carbon dioxide (CO>) that allows for dissociation and captures the key material behavior in a wide range of pressure—
temperature conditions. Carbon dioxide is an ideal prototype for the development of a wide-ranging EOS that allows for chemical-dissociation
equilibria since it is one of the simplest polyatomic systems and because it is of great interest in planetary science and in the study of detona-
tions. Here, we show that taking dissociation into account significantly improves the accuracy of the resulting EOS compared to other EOSs
that either neglect chemistry completely or treat CO, dissociation in a more rudimentary way.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5128127

. INTRODUCTION

A well-known challenge in building an equation of state (EOS)
is the inclusion of chemical dissociation, yet this is essential for mod-
eling many materials in which the dissociation reactions constitute
a sizable contribution to changes in the total free energy. Dissoci-
ation is especially important in polyatomic systems such as poly-
mers, foams, and various types of molecular compounds.' * Both
high temperatures and pressures can induce chemical transforma-
tions. Ignoring the chemistry (i.e., bond breakage and evolution of
species) may result in significant errors in describing the compres-
sion behavior as well as thermal response of these materials, as we
will demonstrate throughout this study.

The main objective of this paper is to develop a dissociation-
aware EOS for carbon dioxide (CO,) that covers a global range,
i.e., densities and temperatures spanning from 1077 to 10° g/cc and
1to 10° K, respectively. To achieve this, we have generalized the pre-
viously proposed dissociation methodology for diatomic species’ to
polyatomic systems. We aim to cover multiple domains appropri-
ate for a variety of applications with our CO, EOS. For example,
at lower pressures and temperatures (in the context of the gaseous
and liquid conditions depicted in Fig. 1), CO, plays an important
role in global warming and climate change,’ * as well as industrial
processes involving combustion, organic synthesis, and improved

oil recovery.”'’ Carbon dioxide also has numerous applications
at higher pressures and temperatures, including conditions where
chemical dissociation is prominent. It is a common detonation prod-
uct of high explosives (e.g., TNT, RDX, and HMX)."' Nitrogen,
oxygen, and carbon—as well as perhaps CO,—are key constituents
of the interiors of Uranus and Neptune.'” Finally, CO, plays an
important role in Earth’s geochemical carbon cycle,"”'* including in
oxidization processes of mantle materials.'”

However, the chemical behavior exhibited by CO; can be com-
plex and sometimes inconsistently reported, especially for solid
phases.'”** Broadly speaking, one may divide the CO; solid phases
into two categories: molecular and polymeric solids. It is meaning-
less to speak of individual molecules in the polymeric solids and is
more appropriate to imagine them as large networks of atoms con-
nected by covalent bonds. The most well-studied polymeric solid is
CO;-V. Classifying the structure of CO,-V has been a topic of great
controversy, with the more recent studies coming to a general con-
sensus that it has a B-cristobalite structure.'*'**** Unfortunately,
the reported compressibilities of CO,-V are not always consistent
(possibly due to incomplete transformations), making it difficult to
reliably model at the present time. In contrast, the molecular solids,
which include phases I-IV and VII,** " are composed of distinct
CO; molecules that are held together by relatively weak intermolec-
ular forces, not covalent bonds; as a result, their bulk moduli may
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FIG. 1. lllustration of the densities and temperatures covered by our global CO,
EQS, as well as by a representative set of experimental and theoretical constraints.
The data include isobars in the fluid phases,”® isotherms from static-compression
experiments,”® isochores from QMD simulations,” Hugoniot curves from QMD
simulations and compression experiments,”’ and the applicable range of the
Cheetah thermochemical code.”®°® At the low densities colored in green or the
high temperatures depicted in red, CO, behaves like an ideal gas and a fully
ionized plasma, respectively.

be more than 10 times smaller than those of their polymeric coun-
terparts. Moreover, their reported compressibilities tend to agree
reasonably well, which is part of the reason why in this study we
choose to focus primarily on the molecular solid phases in addition
to the fluid phases.

While experimental data and atomistic simulations are invalu-
able toward developing an accurate EOS, they only provide infor-
mation about a rather limited set of conditions, as Fig. I illustrates.
For instance, experimental data in the form of isobars, isochores,
and Hugoniot curves are short, one-dimensional segments in the
much larger two-dimensional space of interest. Moreover, standard
orbital-based, first-principles density functional theory (DFT) meth-
ods typically become impractical at temperatures above about 10° K.
The thermochemical code, Cheetah,™ ™ is widely used for model-
ing properties under detonation conditions but only in the regimes
depicted in Fig. 1, where electronic ionization is not significant.
Despite these limitations, CO; is a relatively well-characterized sys-
tem; the existing set of experiments and models, especially Cheetah,
cover a significantly wider range of conditions than what we would
have expected based on our previous experience with oxides and
metallic compounds.

The resulting models that comprise a global EOS must provide
a good representation of the available experimental and theoreti-
cal constraints, and at the same time, reproduce known physical
bounds (e.g., the ideal-gas law) at the edges in Fig. 1. Here, we

ARTICLE scitation.org/journalljcp

have attempted to develop such an EOS for CO, by using XEOS,
which has been the workhorse EOS-generation code at Lawrence
Livermore National Laboratory (LLNL) for over a decade. XEOS
is built on the quotidian EOS (QEOS) methodology,”” " which
describes all solid phases with a single free-energy model, and all
fluid phases (liquid, vapor, and supercritical fluid) with a separate
model. It makes the standard assumption that the total Helmholtz
free energy can be expressed as a sum of three contributions that are
referred to as the cold, ion-thermal, and electron-thermal terms. Sec-
tion II describes our models for the three contributions, including an
explanation of how we represent dissociation with the ion-thermal
free energy. This is followed by Sec. III, which illustrates how we
have constrained the model parameters with certain sets of “train-
ing data” and presents our EOS predictions for “test data” to which
we have not fit the models. We conclude with a summary of this
work and a proposal of how our EOS may be improved in future
studies.

Il. METHODOLOGY
A. Overview

In its most fundamental form, our model for the EOS is an
expression of the Helmholtz energy F(V, T) as a function of the
temperature T and the specific volume V, which by definition is
the inverse of the mass density p. Following the QEOS methodol-
ogy,”””*" F(V, T) is decomposed into three free-energy contribu-
tions,

F(V> T) = Fcold(v) +Fion(v> T) +Felectr0n(V> T) (1)

This choice of decomposition is motivated by the fact that the
three contributions encompass very different physics and are hence
represented by markedly distinct models, as we will demonstrate
below. XEOS can employ a number of models for the electron-
thermal free energy, with the most common one being the Thomas-
Fermi model,” which accounts for changes in electronic energy due
to changes in density and temperature. The cold energy Fcoq(V)
accounts for chemical bonding and ensures the proper cohesive
energy. It represents the internal energy of the system at 0 K and thus
is often called the cold curve. Finally, the ion-thermal free energy
Fion(V, T) embodies contributions from ionic motion. It includes
some combination of the translational, rotational, and vibrational
modes of the ions and depends strongly on the number of species.
This is also the term that explicitly accounts for chemical dissocia-
tion. Once the total free energy F(V, T) is specified, all other ther-
modynamic properties can be determined through well-established
relations, some of which are

S:_(%)V) @
E:F+TS:—T2(%)V, 3)
P=~(57), @
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where S is the entropy, E is the internal energy, and P is the pres-
sure. In the rest of this section, we describe the functional forms we
use to represent each of the three contributions. We explain how the
parameters that appear in these functions may be fit to experimental
data or to theoretical calculations.

B. Thomas-Fermi theory and the electron-thermal
free energy

In this application of XEOS, the electron-thermal free energy is
based on Thomas-Fermi (TF) theory in which a spherical volume
is assumed for the atom containing Z electrons and a nucleus of
charge +Ze. The electron cloud is modeled as a Fermi gas, and for
each (V, T), the TF energy is the sum of Fermi kinetic plus electron-
electron and electron-nucleus potential energies. TF theory allows
one to solve for the electron density n(r) as a function of the radial
coordinate r subject to certain boundary conditions™ prescribed at
the radius R of the electron cloud, where R is proportional to V>,
This TF model permits thermodynamic functions to be scaled based
on the atomic number Z and mass A. In practice, a single table for
Z = A =11is stored and the scaling law is used to generate models for
other elements.

Compounds are treated as mixtures of atoms for the pur-
poses of the electron-thermal free energy. For CO, at pressure
P and temperature T, the TF volumes of C and O atoms are

J

Fcold(v) = {

For the compression regime (V < Vj), as shown above, the
cold curve contains multiple terms, including the repulsive TF cold
energy Etpco1d(V), an attractive bonding contribution Ep(V)” con-
strained by the ambient bulk modulus, and a set of breakpoint cor-
rections AE;(V) for high pressures, the last two of which are specified

as follows:
\% 1/3
Eb(V)—Eo(l—exp{b[l—(Vo) ]}), (6)

Aiu?/(B,' + u?), V<V,
AE,‘(V) = 7)
0, V> V,‘,

where u; = V;/V - 1.

In Eq. (6), Ep and b are positive constants that characterize the
bond strength and range, respectively, which are set to yield the
chosen P = 0 reference volume V, and experimental bulk modu-
lus Bo(Vo, To), where Ty is the reference temperature of the solid.
In Eq. (7), the parameters A;, Bi, and n are adjustable constants that
may be fit to experimental compression data. Finally, it is conve-
nient to add a reference energy that sets the solid energy to zero at
Vo and To. For CO, the cold curve under compression is mainly
constrained by the measured compressibility of the molecular solid

ETF,cold(V) + Eb(V) + Zi AEZ(V) + Eref)
Ac(1/V)" = Bc(1/ V)™ + Econ + Ep (V) — By (V = 00),
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found for this pressure and added to generate a total volume,
Vit(P, T) = Ve(P, T) + 2Vo(P, T). It is possible to do this
because the TF model has no chemical bonding, and the pressure
is always positive. For a given input volume Vi, this method is
solved iteratively for the correct pressure. This approximation is
used over the entire (V, T) range of the EOS, independently of
dissociation.

TF is a highly simplified electron-thermal model with well-
known weaknesses. The most noticeable deficiency is its lack of
treatment for atomic shell structures. As a result, it often yields over
ionization even at room temperature which leads to overestimation
of heat capacity in the gas. In the shock Hugoniot, excess electron
pressure leads to density maxima that are too small. In spite of its
deficiencies, however, TF provides an accurate description at very
high pressures and temperatures (e.g., those exceeding 10> K), and
because of its simplicity and applicability at these extreme condi-
tions, it has been widely used in generation of global EOSs as is the
case in our study.

C. Cold energy

For this work, we have employed the published XEOS for-
malism™’ for the cold energy Foa(V). It consists of two separate
modeling regimes, one for compression (V < V) and the other for
expansion (V > V), where V) is the reference volume,

V < Vo, ()
5
V>V0.

phases for the reasons discussed in Sec. I. We set Ty = 196 K and
Vo = 1/po, where py = 1.56 g/cc, in our EOS. These conditions cor-
respond to the molecular CO,-I solid phase and are very close to the
initial conditions in the shock-compression study by Zubarev and
Telegin.”' The pressure at Ty and Vo in our EOS is 1 bar.

In the expansion regime (V > Vj), a soft-sphere function
Ac(1/V)* =Bc(1/ V)™ +Eop is applied to ensure that Feq(V — o0)
= E.on. Here, the constants A, Bc, and m, are adjusted so that the
energy, pressure, and bulk modulus are continuous at V' = V. The
remaining constant 7. can be adjusted to give an optimized liquid-
vapor critical point. We note that Eq. (5) is used instead of more
familiar analytical forms, such as the Vinet and Birch-Murnaghan
equations,”” because these analytical forms do not behave well at the
extreme conditions (both at low and high densities) necessary for a
global EOS.

D. lon-thermal free energy

For a chemically dissociative system, we separate the ion-
thermal free energy Fion(V, T) into two contributions,

Fion(V> T) = Fion, nd(V> T) + Fion, diss(V> T)> (8)

in which the nondissociative term Fionna(V, T) is described by
separate models for the solid and fluid phases that we describe
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below, and the dissociative term Fion giss(V, T) is an extension of
the ideal-gas dissociation model proposed by Young’ for diatomic
systems such as N». These two terms are coupled by the average
molar mass M (V,T), which is a function of volume and tem-
perature because it depends on the equilibrium chemical compo-
sition of the mixture at the specified V and T. Its value ranges
between the limits of 44 g/mol and 44/3 = 14.7 g/mol for the undis-
sociated and fully dissociated cases, respectively. In other words,
M(V,T) reflects the extent of the dissociation at (V, T). Allowing
M to vary with V and T is one of the key features that distin-
guish dissociative systems from nondissociative ones, which have
a fixed molar mass. In the rest of this section, we first present
our models for the dissociative term Fiop qiss(V, T) and follow this
with a brief description of our models for the nondissociative term
Fion,nd(Vx T)

1. Dissociative term

Our phenomenological model is aimed at capturing the most
important effect from dissociation, namely, the change of a mate-
rial’s heat capacity due to chemical reactions. Simplification is nec-
essary given that a full description of the rather complicated disso-
ciation behavior exhibited by CO; is currently out of reach. It turns
out that one of the highly sensitive parameters for controlling heat
capacity is the change of the average molar mass M with V and
T, which influences the system’s average molar density. We have
simplified the dissociation of a general polyatomic system Y into »
averaged atomic species by representing this reaction with a single
equation,

Y = nX. 9)

In this study, Y denotes CO,, which has a molar mass of roughly
44 g/mol, and n = 3 so that X = (C + 20)/3 is a fictitious atomic
species that has a molar mass of 44/3 = 14.7 g/mol. Following
standard expressions from statistical thermodynamics,”’ we have

Fion, diss(V, T) = ks TInQ(V, T), (10)

where kg is the Boltzmann constant. It is difficult to determine Q(V,
T) in the general case, but this problem is much more tractable if
Y may be treated as though its dissociative behavior were that of an
ideal gas. In this case, the partition function Q(V, T) is a product of
the partition functions for the individual Y and X species that obey
Boltzmann statistics,

Q(V,T)=Qy(V,T)Qx(V,T), (11)
Ny

Qr(V,T) = % (12)
Nx

Qx(V,T) = % (13)

where gy(V, T) is the single-particle partition function for Y and
Ny =Ny(V, T) is the number of Y molecules present when chemical
equilibrium is established at V and T. Similar definitions apply for
qx(V, T) and Nx = Nx(V, T), which refer to the atomic species X.
Toward the goal of determining Ny and Nx, we assume that
our system has a total mass of 1 g at the specified V and T so that
Fion,diss(V, T) in Eq. (10) has units of energy per gram. This means
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that the sum myNy + mxNx, in which my and myx are the per-
particle masses of Y and X, respectively, adds up to 1 g. In addition
to this constraint on the particle numbers, we employ the following
relation that is applicable to ideal gases:*’

(Nx)" _ (ax)" (14)
Ny qy
Equation (14) and the constraint on the total mass myNy + mxNx
together provide the means to compute the equilibrium composi-
tion (i.e., determine Ny and Nx) from knowledge of the single-
particle partition functions. The rest of this section on our model for
Fion,diss(V, T) focuses on how we compute these partition functions.
Assuming that the different energy modes are independent of
each other, the partition function gy for the molecular species Y
(CO7) may be written as a product of the partition functions for the
individual modes,

qy = {trans,Yqrot,Y qvib,Y>» (15)

where (trans,Y = Qtrans,Y(V: 1), qrot,Y = Qrot,Y(T)> and qvib,Y = QVib,Y(T)
denote the partition functions for the translational, rotational, and
vibrational modes, respectively. The translational partition function
is given by

\%4
qtrans,Y(V; T) = Aij;) (16)
in which the thermal de Broglie wavelength Ay is defined as
h2 1/2
Ay =| ———— , 17
! ( 2nmyksT ) (17)

where A is Planck’s constant.

In our dissociation model, we treat CO, as though it formed
linear molecules, which is true for most of the phases, with some
notable exceptions.’"****"719" %7 (We explain in the Conclusions
how some of these exceptions may be addressed in the future by
adopting a multiphase framework that allows for multiple solid
phases.) The rotational partition function gro,v is therefore given
by

(1) = S e LE0)ag
=0

where ®,or = h2/8m%Ikg is the characteristic rotational temperature
and I is the moment of inertia. Since the value of Oy, is rather low
for most substances (including CO,), this expression over much of
the temperature range of interest may be approximated by

T 1

+
®rot 3

(19)

1 Ot . 4 (Ot )
Qrot,Y(T) = — : + ( t) >

15 T 315\ T
which simplifies even further to grot, v (T) = /@10 at sufficiently high
temperatures.

For CO,, a linear molecule, there are 3n — 5 = 4 vibrational
modes, each with a characteristic frequency v;. The quantum energy
levels for a harmonic oscillator with frequency v; follow
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&j = (j + %)hvi, (20)

where the quantum number j ranges over 0, 1, 2, . . .. The vibrational
partition function g; of mode i is then

Jmax

qi =Y exp(-¢;j/kpT)

j=0
Jmax

=exp(—hvi/2ksT) Y exp(—jhvi/ksT)
=0

Jmax

=exp(-0;/2T) > exp(-j®i/T), (21)
=0

where ®; = hv;/kg is the characteristic temperature of mode i. In
summing over the vibrational states, we cut off the sum at an
energy equal to the dissociation energy, corresponding to the quan-
tum number jmay. This prevents unrealistic high-entropy vibrational
states that could stabilize CO, at ultrahigh temperatures. The total
vibrational partition function gy, y(T) is then

4
@by (T) = H qi. (22)
i=1

The atomic species X do not have any rotational or vibrational
modes, but they have translational modes where the correspond-
ing partition function Girans,x(V, T) can again be computed from
Eq. (16), with the mass mx replacing my in the thermal de Broglie
wavelength. In addition, the species X are described by a dissociation
term qqiss, x = qdiss,X(T) in which

(1) = exp( - 122 (23)

Because of the complex stepwise character of dissociation, we
allow the dissociation energy of CO; to vary in order to obtain an
optimal fit to EOS data. This optimal value of ¢4iss is 7.5 €V. The
atomic partition function gx may be computed from the transla-
tional and dissociation terms according to

QX(V) T) = Qtrans,X(Va T)qdiss,X(T)~ (24)

2. Nondissociative term

Here, we briefly present the models used for the nondissociative
term Fion,nd(V, T) in Eq. (8). The nondissociative and dissociative
terms are coupled through the average molecular mass 1, which is
defined as

i = mYNy+meX. (25)
N Yy + N X
Note that /i1 ranges between the limits my and mx and that the aver-
age molar mass M is related to /i and Avogadro’s number N4 via
M = Nam. It is clear that 1 and M are functions of the equilib-
rium composition [specified by Ny = Ny(V, T) and Nx = Nx(V, T)],
which in turn depends on the extent of dissociation at V and T.

We describe Fionng Of the solid phases with the well-known
Debye model,”*"" while the fluid phases are described by a model
originally developed by Cowan that was later published by other
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59,7(

authors.””’ The free energy of the Debye model (in terms of energy
per unit mass) is

9%k5©®
Fpebye(V, T) = % +

9kBT(l)3
m \@p

/T
x [) x"In[1 - exp(—x)]dx. (26)

We treat the Debye temperature ®p(V) as being independent of
temperature so that it depends on the volume only. It is calculated
by integrating the Griineisen parameter I'(V) = —-dln ®p(V)/dIn V'
with respect to volume V, and we represent I['(V) with a series of
cubic splines in p = 1/V whose coefficients are adjusted to reproduce
experimental data. The solid-fluid phase boundary is given by the
Lindemann criterion,”””" which is an empirical model which states

that the transition temperature Ty, for a particular volume V is
Tu(V) = aV 03, 27)

in which « is a material-specific constant. Let us define dimension-
less variables u = ®@p/T and w = Tw/T so that Eq. (27) becomes
wiu? = aTV??. The nondissociative, ion-thermal free energy of the
solid phase that exists below the solid-fluid transition curve (that
is, for conditions where w > 1) is given by the Debye model in
Eq. (26). Above this curve (w < 1), our system will exist as a fluid. The
Cowan model™”’ that we employ to describe the nondissociative,
ion-thermal free energy of this fluid phase is

Feonan(V, T) = ’%Tf(u,w), (28)

where the dimensionless function f is defined as

2
f:—%+§wl/3+;1n(%). (29)

The particular QEOS variant” on which the XEOS code is
based neglects volume changes that occur during phase transitions.
This construction ensures equality of the Gibbs energy G = F + PV
of the solid and fluid phases along the phase boundary since their
Helmholtz energies are also matched along this curve. With the
neglect of volume changes, the electron-thermal contributions auto-
matically match along the phase boundary. Furthermore, Fcowan
approaches the appropriate ideal-gas limit of heat capacity at high
temperatures.

I1l. RESULTS
A. Overview

The majority of experimental data (e.g., the Hugoniot pres-
sures) that we have used to constrain our EOS are a reflection of
the total free energy of the system, which is based on the three
contributions discussed in Sec. II: Feectron(V, T), Feod(V), and
Fion(V, T). Each plays a unique role in different regimes of thermo-
dynamic phase space and subsequently contributes to the observed
EOS properties in various degrees. Figure 2 displays the conditions
at which each of them becomes important. As shown in Fig. 2(a),
the electron-thermal term grows dramatically with temperature and
dominates at high-temperature conditions due to the prominence
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FIG. 2. Comparison of the three different contributions to the total pressure P = —(OF/OV)r = Pejectron + Peold * Pion: (@) the electron-thermal pressure Pejectron
= —(OPFelectron/OV )1 in our EOS; (b) the electron-thermal pressure from a different EOS (L2270) that we describe below which treats CO, as though it were com-
posed of only the fictitious atomic species (C + 20)/3 under all conditions (i.e., it neglects molecular CO, and the chemical transformation from the molecular, undissociated
form to this atomic species); (c) the cold pressure Peog = —dFcoq/dV in our EOS; (d) the ion-thermal pressure Pion = —(OFion/OV )1 in our EOS. The pseudocolor depicts,
for a given density and temperature, the fraction of the total pressure made by each contribution. The maximum pseudocolor scale is capped at 50% to accentuate the

dominant regimes for each contribution.

of electronic excitations. In contrast, the cold curve [see Fig. 2(c)] is
most important for low-to-moderate temperatures and compression
regimes where bonding occurs more readily and electron degen-
eracy plays a big role. The ion-thermal contribution [Fig. 2(d)]
matters most where motion of the nuclei is prominent, especially
during dissociation, and in regions where Felectron and Feoq are
small. Many of these regions correspond to low-density conditions
where the system exists as a gas, although there are also condensed-
phase conditions, particularly at higher temperatures, where the ion-
thermal term makes a non-negligible contribution even when the
electron-thermal term dominates.

At densities less than 1 g/cc, there is a dark band in Fig. 2(a)
that appears at temperatures on the order of 10° K. The top
of this band indicates temperatures where the onset of dissocia-
tion occurs (compare with Fig. 7), and the light-colored region

immediately above this dark band indicates conditions where
dissociation proceeds toward completion. The relative contribu-
tion made by the electron-thermal term is smaller in this light-
colored region because the ion-thermal term makes a larger
contribution than it otherwise would in the absence of dissoci-
ation. This can be seen by comparing Fig. 2(a) with Fig. 2(b);
the light-colored region is absent in the latter figure because the
L2270 EOS illustrated in it does not have a model that allows
for transformation from molecular CO, to the dissociated atomic
species.

The rest of this paper largely focuses on illustrating complica-
tions involved in the EOS-making procedure, discussing our result-
ing CO; EOS, and showing the impact of the dissociation model.
Some experimental data are used to fit or constrain the EOS param-
eters, while others are used to validate our models. Here, we give
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a brief overview of the types of data used to constrain the EOS. It
should be understood first of all that the TF electron-thermal free
energy contains no adjustable parameters, so only the cold and ion-
thermal models provide some flexibility for fitting. The cold curve
is heavily based upon experimental isotherms. The ion-thermal free
energy includes both nondissociative and dissociative parts, which
are coupled throughout the entire table range. Since experimental
data for dissociation are severely lacking, we have fit our dissocia-
tion parameters to theoretical predictions. We have relied heavily on
Cheetah™ ** for the CO; fluid (liquid, vapor, and supercritical fluid)
regimes depicted in Fig. | where bonding and electronic ionization
are not significant. The nondissociative portion of the ion-thermal
model was built iteratively together with the dissociation model to
best reproduce data such as elevated-temperature isotherms, fluid-
phase Hugoniot curves, and the solid-fluid phase boundary. While
these different sets of data are used to constrain the parameters in the
EOS, we reiterate the point that our aim is not necessarily to repro-
duce them perfectly but rather to provide an averaged representation
as we will illustrate below. In fact, it is not possible to provide a
close fit to all of the available data due to a number of reasons: (1)
the model parameters available for fitting are far fewer in number
than the available EOS constraints; (2) our models provide only an
approximate, simplified description of reality; and (3) there might be
some inconsistencies among the different sets of data. In Sec. I1I C,
we demonstrate the impact of dissociation, focusing on quantities
such as gas-phase Hugoniot curves that are heavily influenced by
chemical reactions.

We have implemented the models described above into XEOS,
which reads in the appropriate values of the parameters to gener-
ate a tabular version of our EOS. This tabular EOS is part of the
Livermore Equation of State (LEOS) repository, and we refer to it
in this paper as L2274. The table contains information about ther-
modynamic properties (e.g., total energies and pressures) at a series
of discrete points in the density—temperature space in Fig. 1. In an
effort to more clearly demonstrate the effect of chemical dissociation
on the thermodynamic behavior, we compare results from L2274 to
three existing CO, EOSs: L2270 and two SESAME tables, S5211 and
5212777

The S5211 and L2270 tables are on opposite sides of the spec-
trum in terms of their dissociation behavior. S5211 neglects dis-
sociation completely and is based on a description of CO; as a
purely molecular system modeled by an effective exponential-six
potential. As a result, it is intended only for relatively low pres-
sures/densities and temperatures regions where dissociation or ion-
ization are not significant. In contrast, L2270 is a global-range EOS
that is based on the QEOS methodology typically used for met-
als. L2270 treats CO; as being fully dissociated over the entire (V,
T) space, and it therefore underestimates the fluid and solid heat
capacity. Other than the fact that the newer SESAME table, S5212,
is based on the TF electron-thermal model, there is not much doc-
umentation on it, but the results in Sec. IIT C suggest that its dis-
sociation behavior is similar to that of L2270. In some sense, none
of these existing EOSs fully represent the behavior of a true disso-
ciative CO, system. While there is still much room for improve-
ment, our CO, L2274 EOS is able to capture the essence of the
chemical transformation, which is the change in average molar mass
M. In Sec. 111, we discuss and compare EOS behavior in several
properties.
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B. EOS constraints and comparisons

1. Isotherms

-

Figure 3 shows various room-temperature isotherms of the
solid phases determined through experimental and theoretical
methods. As we have explained above, these condensed-phase
isotherms are largely determined by the cold curve in our EOS. The
XEOS code used to generate our EOS allows for only one cold curve.
It is clear from these figures that a single cold curve cannot provide
a good representation of all the CO; solid phases over the entire
density range shown in the figures. We cannot construct a curve
that passes through both the molecular solids and the relatively low-
pressure polymeric CO,-V data reported by Yoo et al.”” By applying
a suitably chosen set of density breakpoints as described in Eq. (7),
however, it is possible to fit a single cold curve to the molecular solids
and to the higher-pressure CO,-V data from Dzubiek et al.,”* but we
have chosen not to do that because the densities examined by Dzu-
biek et al. overlap with the densities spanned by a fluid-phase Hugo-
niot that we present later in this paper. The primary goal of our EOS
is to provide a simplified, but still fairly illustrative representation
of the complex dissociation behavior of CO; and the data to which
we fit our dissociation models largely pertain to the supercritical-
fluid phase, which has a density that more closely resembles those
of the molecular solids than the polymeric solids. We would there-
fore not be able to obtain good agreement with the fluid-phase
Hugoniot and calibrate our dissociation models if we chose to fit
our EOS to the high-pressure Dzubiek et al. data on the polymeric
solids.

Figure 4 shows the 2000 K fluid isotherm from Sterner and
Pitzer,”” which is the highest temperature that they examine with
their EOS. Also illustrated in this figure is the same isotherm from
Cheetah, which extends over a much wider range of conditions than
that from Sterner and Pitzer. We have calibrated our EOS (the cold
curve as well as the ion-thermal term) with both sets of data. Our
cold curve is able to model both sets of fluid-phase results and pro-
vide an averaged representation of the molecular solids in Fig. 3 as
well.

1.4
| — L2274
12k Datchi et al.
. + Giordano et al.
[ + Liu
1“; 1 + Yooetal.
Qo 3 Yoo et al.
= o0sl Dzubiek et al.
o |
@ 0.6
(7]
3 |
a 0.4
0.2
0
" 1 1 1 1

2 3
Density (g/cc)

FIG. 3. Comparison of the 300 K isotherm of L2274 with representative experimen-
tal solid isotherms. Crosses and triangles represent measurements for molecular
and polymeric solids, respectively.
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FIG. 4. Comparison of the 2000 K fluid-phase isotherm of L2274 with Cheetah and
the CO, EOS of Sterner and Pitzer.”*

For the CO; solids that are not part of our intended EOS con-
straints, L2274’s performance depends on the particular solid phase.
For instance, Fig. 5 shows about a 3% difference between the 726 K
isotherm from L2274 and that reported by Giordano and Datchi,”
who presented data for phases I, IV, and VII, all three of which
are molecular solids. Thus, our EOS can reproduce the pressure-
volume-temperature behavior of the molecular solids in an aggre-
gate sense, but it is unable to account for the relatively small varia-
tions among the different phases that make up this category of solids.
Note that L2270 which has the softest cold curve (has the lowest
pressure for a given density), matches these data the best. However,
the softer cold curve of L2270 also yields a fluid-phase Hugoniot
that is too soft, as will be shown in Sec. 11T B 3). Overall, L2274 and
§5211 perform reasonably well against the experimental data, while

+ Giordano and Datchi
— L2274
0.2 — L2270
_ — - 85211
] S$5212
2 0.16
4
2
»n 0.12
2
o 0.1
0.08
[ " 1 " 1 " 1 L 1
0.04,3 2.2 2.3 2.4 2.5

Density (g/cc)

FIG. 5. Comparison of 726 K solid-phase isotherms produced from L2274, L2270,
S5211, and $5212 with experimental data.”
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§5212 results in a considerably higher pressure than that observed
experimentally.

Finally, for a much larger pressure range that encompasses the
polymeric solids, we show a comparison between 12274, 12270,
S$5211 (limited to 4 Mbar), and S5212 with available isotherms in
Fig. 6. The plot includes a few of the published isotherms for CO,-
V, as well as three other high-pressure polymeric solids observed
by Lu et al”* in their DFT simulations: a tetrahedral phase with
space group P4/nmc that is predicted to be stable between 2.9
and 9.7 Mbar, a Pbcn sixfold-coordinated phase between 9.7 and
10.3 Mbar, and a Pa3 sixfold-coordinated phase above 10.3 Mbar.
The cold curve of S5212 is slightly stiffer (has a larger pressure
for a given density) than that from L2274, while L2270 is sig-
nificantly softer than L2274. The DFT cold curve was obtained
a decade after the generation of L2270. It is clear from Fig. 6
that none of the EOSs have attempted to accurately model the
polymeric solids. We discuss in the Conclusions how this issue
may be addressed in the future by employing a multiphase EOS
framework.

2. Chemical dissociation

This section illustrates in more detail the most distinctive
feature of 12274, which is our dissociation model. The dissoci-
ation of CO, has been observed at pressures and temperatures
above 0.40 Mbar and a few thousand kelvin, respectively, in the
supercritical-fluid phase,'”'®'**>*’ and at similar pressures but
lower temperatures (roughly 1500-2500 K) in CO,-V. 11718 e
do note, however, that some recent studies have questioned the
notion that CO,-V undergoes dissociation at conditions relevant to
Earth’s mantle. For instance, Dziubek et al. do not detect the pres-
ence of pure carbon (in the form of diamond) or oxygen from their
X-ray diffraction and Raman analysis for pressures up to 0.85 Mbar
and temperatures up to 2700 K. Since the polymeric solids are not
specifically modeled per se in our EOS, we focus our attention on the
chemistry of CO; fluid, which is less controversial.

15
[ — L2274 .
— L2270 _.'
[ — - S5211 -
S 101 $5212
g I Yoo et al.
o |t Dzubiek et al.
5 = Luetal
2
(7]
Q® 5
n- -
(] —e— ) 1 L 1 N 1 L
0 2 4 6 8 10

Density (g/cc)

FIG. 6. Comparison of 300 K isotherms produced from L2274, L2270, S5211, and
$5212 with solid isotherms from representative high-pressure experimental and
theoretical studies.
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Due to lack of experimental data to which we can calibrate our
dissociation model, we rely largely on the predictions from Cheetah.
This thermochemical code assumes that CO; dissociates into mul-
tiple chemical species: carbon monoxide (CO), atomic oxygen (O),
molecular oxygen (O;), ozone (O3), and carbon (C) in the forms
of the atomic, fluid, diamond, and graphite phases. Cheetah deter-
mines the equilibrium composition for a given pressure and tem-
perature by minimizing the total Gibbs energy. It computes this free
energy by modeling the interactions between the different species
with dipolar exponential-six potentials.””’® Figures 7(a) and 7(b)
display the relative concentrations of species predicted by Cheetah
as a function of temperature along two distinct isochores (10™* g/cc
and 1 g/cc). Both densities are well within the applicability range
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of Cheetah. For higher densities (e.g., above 3 g/cc) where Cheetah
is expected to become inaccurate, we rely on first-principles QMD
simulations. However, we do not utilize QMD results of chemical-
species analysis since defining molecular species in a condensed-
matter environment is not a straightforward task. Instead, we con-
strain the EOS to QMD predictions of the total energies and
pressures.

We have explained earlier that one of the most important
effects of dissociation is to alter the average molar mass M defined
in Eq. (25). It is clear that the simplified dissociation mechanism
assumed by our EOS in (9) cannot reproduce the relative con-
centrations predicted by Cheetah’s CO, dissociation mechanism
involving multiple reactive species. Nonetheless, Figs. 7(c) and 7(d)
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FIG. 7. lllustration of the effect of CO, dissociation: (a) Cheetah predictions for the change in the concentration of various species (relative to the concentration of CO, at
300 K) as a function of temperature along the 10~* g/cc isochore in the gas phase; (b) similar to (a), except that this depicts the 1 g/cc isochore in the liquid/supercritical-fluid
phases; (c) comparison between our EOS and Cheetah for the average molar mass M along the same two isochores in (a) and (b), where the green and orange dashed
lines denote the upper (44 g/mol) and lower (44/3 = 14.7 gimol) limits on M, respectively; (d) our EOS predictions for M along several different isochores. We note that M
in the dissociation-free S5211 table is always at the upper limit of 44 g/mol (CO,), while M is always at the lower limit of 14.7 g/mol [(C + 20)/3] in the full-dissociation-only

L2270 table.
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TABLE |. Parameters for the dissociative contribution Fig,,giss(V; T) defined in (10) to
the ion-thermal free energy Fion(V, T) in Eq. (8). The parameters include the rotational
temperature @ that appears in the partition function g,y in (18), frequencies of the
four vibrational modes (two of which are degenerate) in the partition function gy, y in
(22), and the dissociation energy egiss involved in the partition function qgiss, x in (23).

Orot (K) Vibrational frequencies (em™ Y E£diss (€V)

0.561 954, 954, 1890, 3360 7.5

demonstrate that we can capture the essence of dissociation by track-
ing the change in M. At low temperatures, CO; is completely undis-
sociated so that M = 44 g/mol. The opposite extreme of complete
dissociation is achieved at sufficiently high temperatures where only
the atomic species (C +20)/3 is present and M = 44/3 = 14.7 g/mol.
It is apparent that dissociation occurs more readily in dilute gases
than in condensed phases. This is due to an entropic effect in which a
higher volume favors formation of dissociated particles. Table I lists
the values of the parameters in our dissociation model. We have set
the rotational temperature @y to its gas-phase value and have also
preserved the twofold degeneracy of one of the vibrational modes.
In order to match Cheetah’s predictions on the behavior of M in the
liquid and supercritical fluid phases, we have found that it is neces-
sary to modify the magnitude of the frequencies from those obtained
by gas-phase spectroscopy.

3. Isobars, fluid-phase Hugoniot, and isochores

In addition to isotherms at elevated temperatures (e.g., Fig. 4),
isobars and condensed-phase Hugoniot curves provide important
sources of information to which we constrain our ion-thermal EOS
model, especially the nondissociative part.

Figure 8 shows isobars from a fluid-phase EOS that Span and
Wagner’” have highly parameterized to a diverse variety of vapor,
liquid, and supercritical data over pressures ranging from 0.5 to
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FIG. 8. Comparison of our EOS (solid curves) with experimental and theoretical
results for different isobars: isobars from our EOS, vapor-phase (0.5 bar), and
liquid/supercritical-fluid (8000 bar) isobars from the theoretical model of Span and
Wagner,”® and the ambient-pressure isobar for CO,-I reported by Krupskii et al.””
and Heit et al.”®

8000 bar and temperatures up to 1100 K. The figure also includes
results for the ambient-pressure isobar of CO,-1. Overall, L2274 per-
forms surprisingly well over this fairly wide range of pressures, given
the simplicity of our model.

At higher pressures, CO, Hugoniot curves initiated from
condensed-phase samples provide very useful constraints on the
thermal models. Figure 9(a) depicts the Hugoniot pressure as a func-
tion of density obtained when CO, is cooled to a cryogenic liquid
condition before being shocked to much higher densities and tem-
peratures. Cryogenic CO; is optically transparent, but it becomes
metallic under shock, making it possible for the optical measure-
ments on the high-pressure, shocked state. At a pressure of about
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FIG. 9. Results for a fluid-phase Hugoniot curve with an initial state of 1.17 g/cc and 218 K presented in terms of: (a) pressure as a function of density and (b) temperature vs
density. The results illustrated here come from L2274, L2270, S5211, and S5212; three experimental studies;'® 2% two QMD studies;'**° and the Cheetah thermochemical

code.”%%
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0.4 Mbar, previous studies report a slope discontinuity in the Hugo- 6000
niot (this discontinuity is difficult to see at the scale in the figures), i 4
which they attribute to the onset of dissociation. It is clear from 5000 -7
Fig. 2 that the cold curve, in particular, makes a strong contribution I
to this fluid-phase Hugoniot in the regimes where the experimental
data exist (i.e., densities and temperatures below 4 g/cc and 10° K,
respectively.) As we have explained in Sec. III A, we employ an iter-
ative procedure to optimize our cold curve together with the two
parts of our ion-thermal model, the dissociative and nondissociative
contributions [the latter is characterized by the Debye temperature
®p(V)], to give an averaged representation of a diverse selection 1000 ,

of data. The cold curve is largely constrained by the isotherms in 7

Sec. 111 B 1, the dissociative contribution by Cheetah’s predictions 00' 90 5 20 25 " 30
of chemical equilibria in Sec. III B 2, and the nondissociative con- Density (g/cc)

tribution by the isobars, fluid-phase Hugoniot, and isochores in the
present section.
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FIG. 10. The Debye temperature ®p, in our EOS as a function of density.
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FIG. 11. Temperature vs pressure isochores for four EOSs: (a) L2274, (b) L2270, (c) S5212, and (d) S5211. Also included are QMD simulations from Boates et al.”’ and
predictions from Cheetah®®-°® within its applicable density range.
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Our EOS, L2274, generally agrees better with the data in
Fig. 9(a) than do other EOSs. L2270 was developed over 20 years
ago, before much of the fluid-phase Hugoniot data in Fig. 9
became available. Root et al.” have also compared predictions
from L2274 and S5212 to their own shock-compression experi-
ments and QMD simulations, and they have concluded that L2274
generally yields better agreement for the high-pressure results
although they note that there are certain regions at lower pres-
sure where S5212 seems to be more accurate. Comparing Fig. 9(b)
with Fig. 9(a), we see that the differences between the EOSs are
manifested much more profoundly in temperature-density space
than in pressure-density space. Because it has a more realistic
dissociation model, L2274 produces a Hugoniot that is substan-
tially lower in temperature than the other three EOSs and is
more consistent with the Cheetah predictions. For certain values
of the density (e.g., at around 3.5 g/cc), the difference could be
as large as 10* K. A more in-depth comparison of these EOSs to
QMD predictions of Hugoniot temperatures will be provided in
Sec. [1I C.

The nondissociative contribution to the ion-thermal free
energy is iteratively optimized with the dissociation model con-
strained by the Cheetah results to reproduce the data mentioned
above. The Debye and Cowan models, that characterize nondisso-
ciative contribution made by the solid and fluid phases, respectively,
have one adjustable parameter: the Debye temperature ®@p. We treat
Op as being independent of temperature, and Fig. 10 shows how it
varies with density in our EOS. At the reference volume V of 0.641
cc/g (corresponding to a reference density of 1.56 g/cc), ®p has a
value of 139 K. The Griineisen parameter I is related to ®p through
the relation I = —dIn ®p/d In V, which leads to a value of T = 2.616
at V="V,.

The isochores in Fig. 11 provide a set of data to validate our
EOS because they were not used to fit the parameters. The figure
compares isochores from the different EOSs with theoretical pre-
dictions from Cheetah and the QMD simulations by Boates et al.”’
The starting pressure at the lowest temperature (0 K) along each iso-
chore is governed by the cold pressure. By definition, the volume is
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FIG. 12. The solid—fluid transition curve from our EOS (L2274) compared with
experimental results from Grace and Kennedy,”® lota and Yoo,*’ Giordano et al.,’
and Litasov et al.,'® along with QMD predictions from Teweldeberhan et al.”*

fixed along an isochore, and hence the cold energy is fixed along it as
well. As a result, the isochore curvature [(OP/OT)v] is controlled by
thermal contributions. It is important to note that we do not obtain
perfect agreement with the Cheetah and QMD results because we
have also fitted the ion-thermal free energy to other sources of data
(such as the isobars and the Hugoniot curves presented above), and
there are some inconsistencies among the different sets of data. Nev-
ertheless, the overall agreement between L2274 and these theoretical
predictions is excellent as shown in Fig. 11(a). L2274 agrees much
better than the other three EOSs shown in Figs. 11(b)-11(d). Con-
sistent with its isotherm behavior depicted in Fig. 5 and its Hugoniot
behavior in Fig. 9, L2270 is accurate at low pressures but is too soft
at higher pressures. Admittedly, L2270, S5211, and $5212 all predate
and so could not benefit from the QMD results, which represent one
of the few sets of data for the liquid and supercritical fluid at high
temperatures and pressures where experimental data are virtually
absent. Nevertheless, even if the QMD results were available at the
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FIG. 13. Comparison of gas-phase Hugoniot curves shocked from an initial state of 0.001 g/cc and 300 K: (a) pressure vs density and (b) temperature vs density. The results

illustrated here come from L2274, L2270, $5211, S5212, and Cheetah.?5-%%
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time of development, we do not expect that the earlier EOSs would
be able to reproduce them because of the limitations of their disso-
ciation models (or the complete absence of such a model in the case
of $5211).

4. Solid-fluid phase boundary

We have largely neglected liquid-vapor equilibria and related
phenomena [the critical point and the liquid-vapor-solid (CO,-I)
triple point] in our study; although as explained in the Conclusions,
this is an issue that we intend to address in the future. The only
phase boundary we have examined in this work is the solid—fluid
transition curve illustrated in Fig. 12. Depending on the pressure
and temperature (e.g., CO, has an ambient-pressure sublimation
temperature of 194.7 K and a critical point of 74 bar and 304.3 K),
the fluid along that phase boundary could represent either vapor,
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liquid, or supercritical fluid. Out of all the studies cited in Fig. 12,
the one that examines the lowest range of pressures is Grace and
Kennedy,”” who report results for pressures between 2 and 23 kbar,
corresponding to temperatures between 216 and 420 K. Thus, nearly
all of the data presented in Fig. 12 pertain to the supercritical
fluid.

We model the solid-fluid transition curve with the Lindemann
expression in Eq. (27). The Debye temperature ®p (V) that appears
in this equation is already constrained (see Fig. 10) to the isotherm,
isobar, and fluid-phase Hugoniot data described above. Thus, the
only flexibility we have in adjusting the transition curve is to change
the value of constant « in Eq. (27). We set « to agree with the
melt temperature at the lowest pressure in the work of Grace and
Kennedy (216 K). Although this phase boundary behaves reasonably
in our EOS, a Lindemann expression is clearly not accurate for CO»,
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FIG. 14. Pressure vs density Hugoniot results for four EOSs: (a) L2274, (b) L2270, (c) S5212, and (d) S5211. Also included are QMD simulations from Boates et al.”’ Each
figure shows results for two different Hugoniot curves initiated from a compressed liquid state that is at room temperature and at one of the two densities indicated by the

labels.
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and we explain in the Conclusions how we plan to rectify this issue
in a future study.

C. Impact of chemical dissociation

The main distinguishing feature of our EOS lies in the dis-
sociation model of the ion-thermal term. In this section, we dis-
cuss two types of thermodynamic data that are deemed to be
sensitive to chemical reactions and are thus good choices for
illustrating the impact of chemistry and for discriminating among
the different EOSs: (1) gas-phase Hugoniot curves and (2) Hugoniot
temperatures.

1. Gas-phase Hugoniot

Molecular compounds like CO, are known to exhibit sig-
nificant dissociation under shock compression. The effect of
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dissociation is especially pronounced in Hugoniot curves initiated
from gas samples, where the cold pressures for the low-density gas
regime are small. Differences in the dissociation model among the
EOSs will therefore be accentuated along these gas-phase curves.
The Hugoniot generated from shocking a gas sample initially at
0.001 g/cc and 300 K is depicted in Fig. 13. The pseudocolor plots
in Fig. 2 indicate that this gas-phase Hugoniot is, at least at tempera-
tures below 10 000 K, controlled by the ion-thermal term and hence
we expect dissociation to have a strong influence on the behavior at
these temperatures.

From examining the average molar mass M along this Hugo-
niot in our EOS, we find that the onset of dissociation (M starts
to deviate noticeably from 44 g/mol) at a density and temperature
of about 0.009 g/cc and 2700 K, respectively. Below this temper-
ature, CO; remains undissociated, and as a result, our EOS over-
laps fairly well with S5211. This agreement at lower temperatures
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FIG. 15. Pressure vs temperature Hugoniot results for four EOSs: (a) L2274, (b) L2270, (c) S5212, and (d) S5211. Also included are QMD simulations from Boates et al.”’
Each figure shows results for two different Hugoniot curves initiated from a compressed liquid state that is at room temperature and at one of the two densities indicated by

the labels.
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is not surprising since S5211 treats CO, as a purely molecular
(undissociated) system. Our EOS does not agree with L2270 or
§5212 over these same conditions because, as we have explained
in Sec. I1I A, L2270 and S5212 assume that CO; is completely dis-
sociated at all conditions (including in the gas phase at ambient
pressure), which consequently leads to an underestimation of the
heat capacity and an overestimation of the temperature. All of this
results in 12270 and S5212 underestimating the compressibility,
meaning that they predict an overly low density or high specific
volume.

At very high temperatures (e.g., above 10° K) where CO,
is completely dissociated and the electron-thermal contribution
dominates, the system becomes less compressible and the Hugo-
niot density moves back toward the ideal-gas limit of 4 times
the density of the unshocked state (which is 0.004 g/cc in the
case in Fig. 13). All of the EOSs agree well with each other in
this electron-thermal-dominated regime, which is not surprising
because they are all based on the Thomas-Fermi electron-thermal
model described in Sec. II B. The behavior at both the low- and
high-temperature limits is therefore expected based on our current
models.

At intermediate temperatures (say, between 2700 and 7000 K),
where CO; is neither fully dissociated nor undissociated, our EOS
can represent, in a rough way, the rather complicated behavior that
CO;, may undergo. L2274 starts to deviate noticeably from S5211
at densities and temperatures above 0.009 g/cc and 2700 K due
to the increasing prominence of dissociation. Furthermore, unlike
L2270 or the two SESAME tables, our EOS exhibits a density max-
imum of 0.012 g/cc that occurs at a temperature of about 5000 K.
The fact that L2274 exhibits a density maximum is due to dis-
sociation. (It turns out that in our EOS, about half of the CO,
molecules have dissociated at the density maximum.) When the
dissociation is nearly complete, the gas, now largely monatomic,
becomes less compressible and the Hugoniot density moves back
toward the ideal-gas limit of 4 times the density of the unshocked
state. The discrepancy between the L2274 and Cheetah shock-
density maxima arises from differences in the dissociation behav-
ior (Cheetah has a more complicated, multispecies reaction mech-
anism) and in the ionization behavior; the TF model in 12274
overestimates the extent of ionization, while Cheetah neglects ion-
ization entirely.

We note that there is currently no experimental gas-phase
Hugoniot data to validate the different EOSs. Perhaps a practical rea-
son for this is because the low mechanical impedance of the gas (due
to its low density) means that a very large energy input is required in
order to shock it to high pressures; moreover, it is difficult to mon-
itor the shock front of a dilute gas sample. The only data available
come from Cheetah, which we have used to constrain our models.
We encourage future experimental shock-compression studies on
CO; in the gas phase to provide valuable data needed to constrain
and validate the EOSs.

2. Hugoniot temperatures

As we have discussed in Sec. III B 3, the temperature along
a Hugoniot curve is sensitive to the ion-thermal term of an EOS.
Figures 14 and 15 illustrate results for two different Hugoniot curves
in pressure-density and temperature-pressure space, respectively.
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Although not shown in the figures, the QMD results agree rea-
sonably well with recent, soon-to-be-published data from Crandall
et al.’"" The figures demonstrate that differences in the behav-
ior of the various EOSs become amplified if one examines tem-
perature instead of density. The temperatures from both S5212
and L2270 do not agree well with those from QMD. In contrast,
L2274 is able to match the QMD results in terms of both den-
sity and temperature, despite the fact that we have not fit our
parameters to these results. This good agreement is largely due to
the inclusion of a more accurate chemical-dissociation model in
our EOS.

IV. CONCLUSIONS

We have developed the first global CO, EOS that allows for
the establishment of chemical equilibrium between the undisso-
ciated and dissociated forms. The inclusion of chemical equilib-
ria is a largely unexplored topic in the development of EOSs for
condensed-matter science. Our dissociation model contributes to
the ion-thermal free energy, and it involves the rather simple reac-
tion in (9), where CO, dissociates as though it were an ideal gas into
the fictitious atomic species (C + 20)/3. Despite this great simpli-
fication, our EOS is able to largely capture the trend predicted by
the specialized thermochemical code Cheetah regarding the change
in the average molar mass M as a function of density and tempera-
ture. Allowing M to vary in a nontrivial manner reflects the extent
of the dissociation and is the most significant feature of the EOS.
The differences between the EOSs are especially pronounced along
gas-phase Hugoniot curves. In addition to shock Hugoniots, we have
examined a diverse selection of data, including isotherms, isochores,
isobars, and phase transitions from solid to fluid. The data to which
we have fit our EOS cover a wide range of conditions spanning from
dilute gases at ambient conditions (or at even lower pressures and
temperatures) to condensed phases at hot, pressurized states that
approach roughly 10° K and several megabars, making this EOS
suitable for a number of different applications.

Despite the successes of our EOS, there is still much room for
further improvement. The EOS involves a single cold (energy) curve.
This is problematic for CO; because it means that we cannot accu-
rately model both the polymeric solids (e.g., phases V and VI) and
the molecular solids (phases I-IV and VII) over all of the density
conditions shown in Figs. 3 and 6. For reasons explained in the main
text, we have chosen to favor the molecular solids. We will address
this issue in a future study by adopting a true multiphase framework
where each phase is described by a separate cold energy and ion-
thermal free energy. This would enable us to model both classes of
solids and reproduce, in an aggregate sense, the isotherms in Figs. 3
and 6. The multiphase framework will also allow us to go beyond a
Lindemann prescription of melting and improve the fidelity in cer-
tain regions (e.g., liquid-vapor equilibria) of the CO; phase diagram.
In addition, the description of the electron-thermal free energy could
be improved by switching from Thomas-Fermi to Purgatorio,””"
the latter of which provides an explicit treatment of the electronic
shell structure through an average-atom-in-jellium approach. An
even more accurate alternative to these electronic-structure meth-
ods would be to employ recent first-principles approaches” that
have shown great promise for simulating extreme conditions that
are inaccessible to traditional, orbital-based DFT methods. Finally,
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one could further improve the dissociation model itself, with one
possibility being to embed a thermochemical code like Cheetah into
the EOS directly.
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