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We report second and third virial coefficients for the system CO,-H,O, calculated via cluster integrals using quantita-
tive molecular models taken from the literature. Considered models include (1) fits to highly accurate ab initio calcula-
tions of the potential energy surfaces, and (2) semiempirical Gaussian Charge Polarizable Models (GCPM). Three-body
effects are found to be essential for obtaining quantitative results. Good agreement with experiment is obtained for the
pure-component coefficients, and for the cross second virial coefficient. For the two cross third virial coefficients, the
few experimental data available do not agree well with the calculations; it is not clear whether this is due to problems
with the data or deficiencies in the three-body potentials. The uncertain state of the experimental data, and the relative
mutual consistency of values computed from ab initio and GCPM models, suggest that calculated mixture third virial
coefficients could be more accurate than values from experiment. © 2015 American Institute of Chemical Engineers
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Introduction

As processes for carbon capture and sequestration are eval-
uated and developed, knowledge of the thermodynamic prop-
erties of mixtures containing CO, is increasingly important.'
Mixtures containing water are present throughout the proc-
esses. One area of particular interest is in pipeline transporta-
tion, where the water content of the compressed CO, must be
lowered in order to avoid condensation that can lead to corro-
sion. Previous surveys™ indicated that existing data for the
dew point of water in compressed CO, are inconsistent and
scattered at typical pipeline conditions. Mixtures containing
CO, and H,O at moderate pressures also arise in advanced
power cycles that facilitate carbon capture.“_6

For the vapor phase in such systems, it is often convenient
to formulate the thermodynamics in terms of the virial equa-
tion of state (VEOS),” where deviations from ideal-gas behav-
ior are expressed as a power series in molar density p or
pressure P. The series in density is most often used

R
—:,0+ Bnpn (1)
RT g

where R is the gas constant, T is the temperature, and B, is the
nth-order virial coefficient. The expansion is often truncated
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after the second or third virial coefficients, which for a binary
mixture are given, respectively, as a function of mole fractions
yias

By=Bayi +2B11y1y2+Boy; 2)
B3=B3y; +3B21y1y2+3B12y1y3 +Bosys 3)

where the coefficients B;; are functions only of temperature.
Values for these coefficients can be obtained by appropriate
analysis of experimental PVTy data or, increasingly so, by cal-
culations based on accurate molecular models. Indeed, the
VEOS is unique among engineering equations of state in its
ability to determine its parameters rigorously from molecular
considerations. Our focus in this work is on such an approach
to developing a model for CO,(1)-H,O(2) gas mixtures, based
on molecular models that are accurate at low density, particu-
larly those that have been formulated using data obtained only
by ab initio computational chemistry methods.

Virial coefficients computed from molecular models are
useful in several ways. First, they can by themselves provide
an equation of state (EOS) suitable for practical applications.
For example, we used them to describe nonidealities in the gas
phase to improve interpretation of gas-saturation measure-
ments of the vapor pressure of low-volatile compounds.® Such
an application is particularly well suited for computed virial
coefficients, because experimental PVTy data for these sys-
tems is, by definition, difficult to obtain. Second, calculated
virial coefficients provide boundary conditions to be satisfied
when fitting parameters for other types of equations of state.
This synthesis reduces empiricism while enforcing appropriate
low-density behavior on the EOS. Alternatively, such a hybrid
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can be viewed as a kind of resummation of the virial series,
producing an approximant that is applicable beyond the region
where the virial series to a given order is converged. This
approach is particularly powerful if the hybrid form satisfies
known behavior in another region of state space. We have
demonstrated this idea in formulating equations of state for the
full family of soft-sphere models,’ each one accurate over all
of its respective fluid-phase region; we demonstrated it again
in forming an approximant based on universal scaling near the
vapor-liquid critical region, yielding a model isotherm that is
accurate at all densities up to the critical point.'® Finally, com-
puted virial coefficients can be used in conjunction with exper-
imental data, providing leverage that allows more accurate
and precise values of the virial coefficients to be extracted
from the data. This was first done by Moldover and McLin-
den,'" who evaluated B, for helium from experimental data
using published values of B, and B that were computed from
an ab initio-based molecular model. Subsequently, Shaul
et al.'? introduced computed values of Bs to generate even bet-
ter estimates of B, from the same experimental data. These
Bs-enhanced values from experiment were shown to be much
more consistent with computed B, values, in comparison to
those derived using just B, and Bs.

Extension of this undertaking to mixtures becomes signifi-
cantly more complicated, owing to the increasing variety of
interactions that require consideration. With respect to mix-
tures of CO, and H,O, the second virial coefficient is known
accurately from experiment for pure CO, (BZO)13 and pure
H,0O (Boz),14 but full treatment of the mixture requires also the
coefficient B;;, which calls for extensive data for the CO,-
H,0O mixtures. Such data are not as plentiful as for the pure
species, and it is here that calculation from a molecular model
can be most useful. This coefficient is based on the interaction
between a CO, and an H,O molecule. Wheatley and Harvey”
developed a high-quality CO,-H,O pair potential and used it
to calculate By, over a wide range of temperatures, extending
both below and above the range of available experimental
data. Their values were confirmed in the temperature range
10°C <+t < 80°C by the recent high-accuracy dew-point
experiments of Meyer and Harvey.® Given this characteriza-
tion of By, and the reliable experimental values of B,, and
By, we can say that the thermodynamics of CO,-H,O mix-
tures are known with good accuracy at the second virial level.

However, in some important cases, the second virial level is
not sufficient. Meyer and Harvey® found that third virial coef-
ficients were necessary to describe their dew-point data at
pressures above approximately 2 MPa; this is well below
expected pipeline pressures, which might reach 10 MPa or
more. Unfortunately, their data were not precise enough to
determine cross third virial coefficients with much certainty;
the coefficient B,; was determined with large uncertainties
while B, was estimated in a very approximate way. Another
source of experimental third virial coefficients'> has large
uncertainties and does not cover temperatures as low as those
present in pipelines.

So we again have a case where virial coefficients computed
from a molecular model can potentially fill a void in the base
of experimental data. There are four coefficients at the third-
virial level, including the two pure-fluid coefficients, B3, and
Bos, and two cross coefficients, B,; and By,. If the interactions
are pairwise additive, then all of these coefficients can be com-
puted with the same 2-body potentials used to compute By,
B11, and By,. However, 3-body effects are not negligible at the
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significance level of interest to this work, so some means is
needed to account for them. We will discuss this and other
molecular modeling issues in the next section. Following that,
we describe the methods used to compute the virial coeffi-
cients from the CO,-H,O molecular models. We then present
and discuss results, and in the final section provide some con-
cluding remarks.

Molecular Modeling

The potential energy U of interaction of N molecules is con-
ventionally expressed as a series

U=U,+U;+Uy+... 4

where U, is the sum of the energy of each pair of molecules,
U; is the sum of the energy of each set of three molecules in
excess of its pairwise sum, and so on for groups of four or
more molecules in Uy, Us, etc. Full consideration of the
energy would also include a sum of one-body contributions
that characterize the change in intramolecular energy caused
by distortion of each molecule as it interacts with the others;
such effects will not be included in this work. The nth virial
coefficient is given as an integral over the positions and orien-
tations of n molecules, and hence requires knowledge of the
terms in Eq. 4 only up to U,. Accordingly, comparison of a
calculated B,(T) to experiment can be used to test the accu-
racy of Us, B3(T) can test Us, and so on.

Although the second virial coefficients for HO and CO, are
well characterized from experiment, we still need to consider
the performance of pair potentials in describing them, because
pair interactions form the starting point for calculations of the
third virial coefficient. There now exist countless pair poten-
tials that have been developed for water. Many of these are
fixed-charge models that have been formulated to describe the
liquid phase, and these have been shown to provide a very
poor description of the virial coefficients.'® Polarizable models
perform much better in this respect, and in particular the Gaus-
sian charge polarizable model (GCPM) for water'” provides
an excellent description of B, and B3.'%1° There is also a
GCPM for CO,,*° which was fit in part using experimental
virial-coefficient data. We will examine GCPM formulations
in this work, but they are not the most desirable type of molec-
ular model for our purposes: while they are parameterized in
part using ab initio calculations (for geometry and electro-
statics), their formulation is also based on experimental data
for the condensed phase. This means that some features of the
intermolecular interactions (e.g., exchange repulsion, nuclear
quantum effects) are lumped in as part of their parameteriza-
tion, and are not handled specifically. This may make the mod-
els less suited to describe behavior with unlike molecules.

We therefore turn to models that are based on ab initio cal-
culations. Formulation of these models begins with high-level
ab initio calculations performed for a large set of configura-
tions (each involving n molecules when computing U,,) that
are relevant to the behavior of the system. This sample of the
potential-energy surface is then fit to a physically meaningful
form, constructed from terms that describe the expected
behavior of various contributions to the intermolecular energy.
Thus, most of the models start with an exp-6 form to capture
repulsion and 2-body dispersion, and add other terms as appro-
priate to capture electrostatics, induction, higher-order disper-
sion, exchange, and so on; massless interaction sites may be
added to better describe the charge distribution or anisotropic
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polarizability. A fitting procedure is then applied to specify
various adjustable parameters that appear in the model. Three-
body potentials are developed in a similar manner, and typi-
cally will account for 3-body dispersion, induction, and
exchange in separate contributions. Notably, for water, it has
been shown?' that simple polarization effects (such as those
accounted for by a GCPM), capture only about 50% of the
total 3-body contribution in the condensed phase.

The task of generating quantitatively useful multibody
potentials from ab initio methods is difficult, even for small
molecules such as H,O and CO,. The H,O trimer has 21
degrees of freedom, and to generate just 2 points per dimen-
sion would require more than two million configurations. This
burden is considerably reduced by working with rigid mono-
mers, which then form a 12-dimensional space of configura-
tions. The state of the art now is such that it is feasible to
perform accurate first-principles energy calculations for tens
of thousands of configurations, which supports only about 2.5
configurations per dimension. This puts particular importance
on the choice of the functional form for the model, and selec-
tion of the most relevant molecular configurations to fit its
parameters.

For H,0-H,O pair interactions, we adopt the rigid-
monomer “CCpol2” model of Géra et al.,** which employs
eight symmetry-unique interaction sites (25 sites in all) per
water monomer, and is fit to ab initio energies for 3216 config-
urations (averaging 3.8 per dimension). Interactions are func-
tions of site-site distances, r, and include an exponential
repulsion multiplying a 4-term polynomial in r, point-charge
electrostatics, dispersion, and various damping factors; not all
interaction terms apply to all site-site pairs. Altogether it has a
total of 278 parameters, including site coordinates, partial
charges, damping coefficients, and other model parameters.
Added to this is an induction contribution, which is the 2-body
case of a more general n-body polarization model. Induction is
described using three polarization centers, one located on each
atomic site, with polarizabilities determined directly from ab
initio calculations on the monomer. The electrostatic interac-
tions giving rise to polarization are damped, and this introdu-
ces two more parameters, which were fitted with consideration
to 3- and 4-body nonadditive energies. The model was tested
by Gora et al. via examination of the energetics of the water
trimer, hexamer, and 24-mer, but they did not use it to com-
pute virial coefficients.

For CO,-CO,, we employ the 2-body rigid-monomer poten-
tial proposed by Hellmann,*® which is based on a fit of 1229
ab initio interaction energies (5.9 points per dimension). The
model employs four symmetry-unique sites (seven sites in all)
per CO, molecule, and has 54 independent parameters for fit-
ting (accounting for constraints imposed on the fit to satisfy
known conditions, such as the molecular quadrupole moment).
It includes exponential repulsion, damped dispersion, and
point-charge electrostatics. Hellmann computed values of the
second virial coefficient based on his model, and showed good
agreement with available experimental data. He then applied a
small adjustment to the treatment of the ab initio data and refit
the model, further improving the comparison to experiment;
this “Vp” potential is the one used here.

For the cross interaction, we turn to the H,O-CO, pair
potential proposed by Wheatley and Halrvey,2 mentioned
above. This is based on ab initio energies for 5285 pair config-
urations (5.6 points per dimension), fit to a 110-parameter
function that sums various products and powers of internuclear
distances; thus, each molecule is represented by three interac-
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tion sites. Wheatley and Harvey’s calculation of Bj; gives
results that are consistent with what is known experimentally.

We describe now the treatment of 3-body interactions, Us in
Eq. 4. Four effects are considered relevant: (1) 3-body induc-
tion is concerned with how the electrostatic interaction of two
molecules distorts their charge distribution, which affects how
each interacts with a third molecule; (2) 3-body dispersion
describes how instantaneous fluctuations in the electron distri-
bution of neighboring atoms couple to generate a contribution
to the intermolecular energy; (3) the exchange interaction is a
purely quantum-mechanical effect that results from the sym-
metry of the electronic wave function, and in the present
context relates to exchange of electrons on different mole-
cules. 3-body exchange is a short-range effect, but in addition,
(4) exchange between two molecules can alter their electronic
structure, thereby producing an induction-like effect that alters
how each will interact with a third molecule. This “exchange-
induction” interaction can be longer ranged.

In the absence of a 3-body potential developed for a specific
set of three CO, and/or H,O molecules, we apply general for-
mulations for induction and dispersion. Induction is modeled
by adding a single isotropic polarization site on each molecule,
and rather than converge the electric field, we use the direct,
approximate form given by Oakley and Wheatley,**

Usind="=_ qadetl' 1705 O (6))

a,b,c

The charges (¢) and polarizabilities («) here have values
and locations as specified for the homogeneous potentials, that
is, for H,O, those given by CCpolZ,22 and for CO,, by Hell-
mann.?? The sum is over these interaction sites, labeled a, b, c,
each on a different molecule, with all uniquely contributing
permutations (i.e., three specific interaction sites will contrib-
ute three terms, such that each site plays the role of b exactly
once for that triple). Then 0, is the angle formed by sites abc,
and r;; is the intersite distance.

Three-body dispersion is treated using the Axilrod-Teller
triple-dipole form*~%’

Us3 gisp =Vabe (1 +3c0s 0,c0s 0,cos HL.)r(;fr;?

e (6)
with one isotropic interaction site per molecule; parameters
Vape are based on the known polarizability o and ionization
potential V of CO, (¢=2.913X10"%* ecm®,”’ V=137 eV’ (1
eV ~ 1.602 X 107 J)) and H,O (¢=1.444x10"%* cm?,!"?8
V=12.6 eV’); the necessary relation is given by Axilrod.”®
We do not attempt to model multibody exchange or exchange-
induction in the general case.

For the case of the H,O trimer, Gora et al.?? provide a fit
to 76,208 energies (2.6 per dimension). This “CCpol23”
potential was developed in conjunction with the CCpol2
dimer model described above. Multibody induction is cap-
tured with the same polarization model used for the dimer.
Exchange-induction is modeled via an induced quadrupole
moment: four point charges—with magnitude decaying
exponentially with separation—are placed on the line join-
ing the centers of two molecules, and allowed to interact
with the permanent charges on a third molecule. The remain-
ing 3-body exchange and dispersion contributions are mod-
eled together with a sum over triplets of interaction sites
(each from a different molecule), with each term in the sum
depending on the three interaction-site distances. There are
six symmetry-unique interaction sites (17 sites in all) on
each molecule, all coinciding with sites used for the pair

DOI 10.1002/aic 3031



interaction (but not including all pair sites). Altogether there
are 471 independent parameters in this part of the model, in
addition to two other parameters associated with the
exchange-induction component. In all the trimer configura-
tions used for the fit, the molecules were separated by no
more than 0.7 nm, so the energy of any configuration having
water molecules separated by more than this represents an
extrapolation of the fit, and is not likely to be reliable (we
indeed find anomalous and almost certainly incorrect behav-
ior for separations of 2 nm or so). Accordingly, we set the 3-
body potential to zero when any pair is separated by more
than 0.7 nm.

Hellmann did not develop a 3-body potential for the CO,
trimer to accompany his pair potential. Yu and Schmidt®’
developed a 3-body model to supplement a 2-body potential
formulated by them previously (we prefer the Hellmann 2-
body potential because it is based on higher-level ab initio cal-
culations). The Yu-Schmidt 3-body potential includes disper-
sion, induction, and exchange, and the model is fit in part to
experimental B3. We do not use this model for our calcula-
tions, but we do include the results reported by Yu and
Schmidt in our comparisons.

There are no published 3-body potentials for mixtures of
CO; and H,O molecules, which are required for B, and B»;.
For these cases, we use the forms given by Eqs. 5 and 6.

To provide an independent alternative representation of the
CO,-H,0 system, we also examined GCPM formulations for
these molecules. Such models have been proposed for H,0"
and for CO,,° but not their mixtures. For this study, we
extended these treatments to the cross CO,-H,O interactions.
The hybrid potential developed in this way was considered by
Persson,20 but not in the context of virial coefficients. Before
describing our extension, we will review the models as they
were originally developed for the pure species. Both models
are rigid, and employ an atom-centered exp-6 representation
of repulsion and 2-body dispersion

o= e ((0-0)-0] 0

where the parameters o, ¢, and 7 in Eq. 7 are in general different
for different types of interaction-site pairs. Both models use
smeared Gaussian charges to describe their permanent (lone-
molecule) electron distribution, and both add to this a polarizable
point dipole, which is induced by interactions with the permanent
and induced dipoles on surrounding molecules; all dipoles and
electric fields are solved self-consistently for each configuration.
The CO, model also has an Axilrod-Teller contribution, with a
single anisotropic dispersion site located on the C atom. For
GCPM water, parameters for the width of the Gaussian-charge
distribution, the exp-6 contribution, and the location of the nega-
tive charge were determined from fits to experimental data for
liquid-water and vapor-liquid coexistence.'” For CO,, parameters
were fit to experimental data for the second virial coefficient
B»(T), and the Axilrod-Teller parameter was selected to repro-
duce experimental data for B3(T).%

From this starting point, we set up a hybrid GCPM for CO,-
H,O as follows. Electrostatic and dipole-polarization interac-
tions for heterogeneous sets of molecules are treated exactly in
the same manner as they are for the pure substances, with the
same charge distributions and polarizabilities. For the exp-6
contribution, we start with the standard combining rules
(which are also used in the CO, potential for the C-O
interaction)20
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We find that the virial coefficient By, (T) given by these nom-
inal combining rules does not agree well with experiment (as
shown below), so we multiplied the combining-rule values by
corresponding parameters k,, k., and k., using the same multi-
pliers for the H,O oxygen in its interactions with both the CO,
carbon and oxygens. A good fit to the experimental By(T)
was obtained with k;,=0.99, k,=1.10, and k,=0.96. GCPM
water does not have a 3-body dispersion term, so we
considered adding an Axilrod-Teller contribution to it, to
improve compatibility with the GCPM CO, potential. We
found, however, that the effect from such a term was small
and not generally helpful, so we did not include 3-body
dispersion in the model.

Our aim in formulating the GCPM for CO,-H,O is not to
show it can yield agreement with experimental By;(T) values,
but rather to provide the best basis possible within the GCPM
framework to understand the third virial coefficients B, and
B, for which experimental data are not so reliable.

Calculation of Virial Coefficients

The second and third virial coefficients are given in terms
of the following integrals, in which molecule 1 is placed at the
origin

1 . .
BU:*EJ(fIﬁQ,derz i+j=2 )
B__:B(pair) +B(non-pair) i+i=3
e} ij J
i 1
B =2 (afifia o)

1

B = — §J (M (e M5 =1)) g, 0,0,dr2drs

where fiy=exp (— U, (kl))—1 is the Mayer function for inter-
action of molecules k and I, and ff=1/kgT, with kg Boltz-
mann’s constant. The angle brackets indicate an average over
all molecule orientations. The term Bl(-jpa") is the contribution to
the third virial coefficient from the pairwise-additive compo-
nent of the potential, while Bg‘on_pa") corrects this for the non-
pairwise 3-body contributions.

These integrals were evaluated in etomica’® using the
overlap-sampling implementationm’31 of the Mayer-sampling
Monte Carlo (MSMC) method.”> The overlap-sampling
method involves two “simulations,” one sampling the target
system of H,O and/or CO, molecules, and the other sampling
a reference system, which we chose for convenience as a set
of hard spheres of diameter 0.5 nm (the exact choice does not
influence the accuracy of the result, as long as it is not much
smaller or much larger than the range of the intermolecular
interactions). One of the molecules sampled orientations while
its center of mass was fixed at the origin, and the others
sampled positions and orientations in an infinite volume,
weighted by the absolute value of the integrand of the integral
being calculated. To capture the faster decay of the interac-
tions upon orientation averaging, computation of the target-
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system integrand included a coarse orientational average
applied to each configuration, as described in our previous
MSMC calculations of virial coefficients for H2019; this pro-
cedure was applied only when the maximum center-of-mass
separation for any pair exceeded 1 nm. Orientations were
sampled also in the hard-sphere reference simulation (albeit
with uniform weight) because they enter into the configura-
tional average. Averages were collected as prescribed by the
overlap-sampling method,'®3! and the distribution of sampling
between the target and reference systems was adjusted to min-
imize the difficulty of the calculation.>® The total number of
samples for each coefficient was chosen to ensure that, at a
minimum, the precision of each result exceeded that of the
experimental data or previously computed coefficients against
which it is compared. We also aimed to ensure that the uncer-
tainty in each coefficient was small enough to permit a clear
description of its temperature dependence. Any additional
effort was allocated such that results could be obtained in a
reasonable amount of time. Thus, 1-10 h of CPU time was
allotted for calculation of each coefficient at each temperature,
except GCPM By, B, and B,,, which each used about 0.5 h
at each temperature. In terms of samples, for the GCPM-based
models, each coefficient was computed using a total (tar-
get + reference systems) of 10® Monte Carlo samples at each
temperature. For the ab initio based potentials, the total num-
ber of samples at each temperature were as follows: By, 10°
samples; By, and B3, 108 samples; By, Bos, B12,B21, 107
samples.

Nuclear quantum effects are significant at some of the con-
ditions examined here. They can be particularly important for
H>O, due to its small moment of inertia. We treated these
effects semiclassically, using the quadratic Feynman-Hibbs
effective potential.34 This is implemented by replacing the
actual potential with an effective form, which uses an expan-
sion of the potential with respect to the atom positions to cap-
ture the effect of the quantum uncertainty in the position of
the nuclear centers. Thus, for the pairwise interaction, we have

US™(T)=U L > Ly +12 100,
2 2 12kpT A |y T 2k L D,

(1)

where 7 is the reduced Planck constant. The sum is over mole-
cules 7, each having mass m; and moment of inertia with prin-
cipal components /i ;. The operator Vf} is the Laplacian with
respect to the center-of-mass position of i, and the k sum is
over orientations wy; defined for molecule i in the principal
axes of its moment of inertia. These derivatives were eval-
uated by analytic differentiation of the pair potentials. We did
not include nuclear quantum effects in the induction contribu-
tions, nor in the 3-body potentials.

Confidence limits for all data calculated in this work were
determined by analysis of block averages taken during the
MSMC process (1000 blocks distributed between the reference
and target simulations). Error bars reported here represent the
expanded uncertainty with coverage factor k=2 (approxi-
mately 95% confidence interval). Uncertainties are representa-
tive of only the stochastic error; in particular, no attempt is
made to estimate or represent contributions to the uncertainty
due to inaccuracy in the molecular models underlying the
calculations.

All computed values are tabulated in the Supporting
Information.
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Figure 1. Second virial coefficient of CO,, By,.

Experimental data (open symbols) are from Patel
et al>%; Jaeschke®® (multiplied by 1000 to correct an
apparent error in the tabulation); Holste et al.’’; and
Duschek et al.’® Calculated values (filled symbols and
line) are from Hellmann,™ and this work using the Hell-
mann model®*® with and without semiclassical corrections
(as indicated), and the GCPM for CO, from Persson.?’
Confidence limits are smaller than the symbol sizes for
all data, or (for Patel et al., Jaeschke, and Holste et al.)
are unknown. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Results and Discussion

We begin with results for the second virial coefficients.
Although these have been reported previously, it is worthwhile
to examine them here to show that the calculations are imple-
mented correctly, to provide context for the third-virial results,
and to present some new comparisons.

Results for B,g, the second virial coefficient of CO,, are
given in Figures 1 and 2. The data and models are in remark-
ably good agreement, though it should be remembered that
GCPM for CO, was formulated to fit these data. The Hell-
mann model, on the other hand, is based primarily on ab initio
calculations, with a single parameter that was adjusted to
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Figure 2. Second virial coefficient of CO,, By, pre-
sented as a difference from the semiclassi-
cal values reported by Hellmann.?®

All data sets are as described in Figure 1. In addition,
the solid line is from the EOS of Span and Wagner"® as
implemented by the REFPROP database.”® Error bars
indicate expanded uncertainties (k =2) and, for the com-
puted quantities, represent only the stochastic error; con-
fidence limits are not known for data having no error
bars. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 3. Second virial coefficient of H,0, By,.

Experimental data (open symbols) are from Eubank
et al.,40 Warowny and Eub::mk,41 Kell et ::ll.,42 and Abdu-
lagatov et al.** Calculated values (filled symbols) from
this work are based on the potential of Goéra et al.?
with and without semiclassical corrections (as indicated),
and the GCPM for H,O from Pericaud et al.!” The
experimentally based correlation of Harvey and Lem-
mon ~ is shown with the solid line. Confidence limits are
smaller than the symbol sizes for all data, or (for
Eubank et al. and Warowny-Eubank) are unknown.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

improve (already good) comparison to experimental Byy(T).
The calculations show that the semiclassical correction for
nuclear quantum effects is at these conditions negligible on
the scale of the variation of the virial coefficient across the
temperature range, but it is significant on the scale of the pre-
cision and accuracy of the calculations (Figure 2). The com-
parison between the calculations and experiment demonstrates
the feasibility of computing accurate second virial coefficients
for a small molecule from first-principles quantum mechanical
calculations.

The second virial coefficient for water is shown in Figure 3.
Values computed here are compared with the correlation of
Harvey and Lemmon.'* The values calculated from the
CCpol2 pair potential lie slightly above the correlation (which
is based on experimental data between roughly 313 K and
1173 K, and on calculations from a lower-quality pair poten-
tial*> above 700 K) at all temperatures studied. Notably, this
conclusion is reached at low temperatures only after account-
ing for nuclear quantum effects. The unmodified CCpol2
potential lies below the correlation at temperatures less than
about 500 K, but when the semiclassical correction is applied,
By, exceeds the correlation values at all temperatures. This
behavior is easier to see in Figure 4, where the computed val-
ues are given as a difference with respect to the correlation.
Accuracy limits given with the correlation are presented in
this figure, and it is clear that the semiclassical By, exceeds
these. In comparing calculated By, it should also be noted that
the semiclassical approach may not be sufficient to capture all
of the nuclear quantum effects at low temperatures; a full
path-integral approach appears to be needed for quantitative
accuracy below about 350 K.*® The agreement of GCPM
water with experiment is no worse than observed in the
CCpol2 potential, which is remarkable given that the second
virial coefficient was not used in fitting the GCPM parameters.
No explicit quantum corrections are applied for GCPM, as it is
assumed that these effects are included implicitly as part of
the fitting of the model.
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The cross second virial coefficient By; is shown in Figure
5. The values computed in this work disagree slightly with
those published by Wheatley and Harvey2 (not shown in
figure). It was subsequently discovered that the values
reported in Table 2 of Ref. 2 were not computed using the
same fit of the potential that was published in the Support-
ing Information of Ref. 2. Wheatley (personal communica-
tion) has provided us with second virial coefficients based
on the published potential (which is the one we use as
well), and we find perfect agreement between his updated
values and our results, as shown in the figure.

There are three sets of experimental data against which we
can compare the calculated By;. The first set were compiled by
Wheatley and Harvey,” based on experimental vapor-
saturation data obtained from several sources. The computed
By is not inconsistent with these data, but the error bars on the
experimental results are rather large, at least in comparison to
the other data sets, so the comparison is not conclusive. We
also have By, values derived from experimental PVTy data by
Patel et al.' Finally, we have B;, values reported by Meyer
and Harvey,3 which are based on new experimental data for
the dew point of CO,-H,O mixtures. The data from Refs. 3
and 15 are mutually consistent, and are precise enough to
uncover some systematic difference from the computed values
of By;. The comparison suggests that the CO,-H,O potential is
a bit too attractive, as the computed values lie below experi-
ment for all but the highest temperature. The discrepancy is
well within the estimated uncertainty of B;; reported by
Wheatley and Harvey, based on uncertainty of the potential,
and it is much smaller than the difference from experiment
observed® in calculated values of By, using an earlier CO,-
H,O potential.*’

Results for the GCPM CO,-H,O potential are also included
in the figure. Values from the model using the simple combin-
ing rules (Eq. 8) differ significantly from experiment, indicat-
ing that the potential is too repulsive. This led us to adjust the
cross parameters as described above, yielding By (T) values

80 —_—

—— Correlation uncertainty limits
60k - - IAPWS-95 _
® — Hill-MacMillan
Eubank et al. «
Warowny-Eubank
Kell et al. T
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@ & -

3

=B, 4y (em /mol)
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Temperature (K)

Figure 4. Second virial coefficient of H,O, Bg,, pre-
sented as a difference from the Harvey-Lem-
mon'? correlation.

All data sets are as described in Figure 3. The correla-
tion of Hill and MacMillan** is also presented. Seg-
mented lines on either side of zero show the reported
(k=2) expanded uncertainties of the Harvey-Lemmon
correlation. Where not shown, confidence limits are
smaller than the symbol sizes, except for Eubank et al.
and Warowny-Eubank, for which the confidence limits
are unknown. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Figure 5. Cross second virial coefficient of CO,-H,0,
B11-
Experimental data (open symbols) are from Wheatley
and Harvey,” Meyer and Harvey,” and Patel et al.'’
Calculated values (filled symbols) from the present
work are based on the potential of Wheatley and Har-
vey,” with and without the semiclassical correction (as
indicated). Points labeled GCPM are from the hybrid
GCPM based on the models for CO,* and H,0" with
the simple combining rules (Eq. 8), and the GCPMX
points are the same, but using adjusted exp-6 parame-
ters to fit the experimental By;. Solid line joins the
points for the semiclassical Wheatley-Harvey model, as
computed by Wheatley (see text). Where not shown,
confidence limits are smaller than the symbol sizes.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

that coincide with experiment over the whole temperature
range examined here.

The third virial coefficient for CO,, B3, is presented in Fig-
ure 6. Perhaps the most striking feature of the data is the clear
demonstration of the importance of the 3-body interactions,
an observation made previously by Yu and Schmidt.*
Nuclear quantum effects, on the other hand, do not appear to
be significant at these temperatures. There is very good con-
sistency between the results based on Hellmann’s CO, pair
potential and those from Yu and Schmidt. The agreement of
the calculated B3, values with experiment is very good for
T>325 K, while at lower temperature the models show
behavior indicating that intermolecular interactions are too
attractive, relative to experiment. We also present results for
GCPM CO,,”° showing excellent agreement with experiment,
which is to be expected, as the model was developed in part
to describe B3o(T) data. Our results differ slightly but signifi-
cantly from the values reported by Persson®’; the model and
methods are in principle identical, so we are unsure of the ori-
gin of this small discrepancy.

Next, in Figure 7 we examine data for the H,O third virial
coefficient, Bys. The significance of nuclear quantum effects is
examined (classical vs. semiclassical) at the 2-body level
(U3=0), and their effect can be seen at the lowest tempera-
tures examined. The semiclassical correction is applied to the
2-body contribution for all other cases. Again, we see strong
evidence for the significance of 3-body effects, which over
most of the range changes the sign of the coefficient, switching
the overall contribution to the pressure from repulsive to
attractive. When nonpairwise contributions are included, the
difference in Bgz resulting from the different modeling
approaches is no worse than the differences observed in the
experimental data, except at the lowest temperature examined.
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Considering this uncertainty, the calculated virial coefficients
are in good agreement with experiment. The semiempirical
GCPM again shows remarkable agreement, considering that
the virial coefficients were not used in its parameterization.
Interestingly, the coefficients formulated using simple polar-
ization and 3-body dispersion, on top of the accurate CCpol2
model, differ markedly from the results from the full CCpol23
model. This may relate to previous observations that polariza-
tion is not sufficient to capture 3-body effects. In this regard,
the good performance of GCPM must be ascribed to its empir-
ical nature, wherein it captures multibody and nuclear quan-
tum effects for condensed phases via its parameterization.

The cross coefficients B,; and B, are presented in Figures
8 and 9, respectively. Calculated values are compared to
experimental data from Patel et al.'> and Meyer and Harvey.3
In the latter case, values for B, represent estimates based on a
water-dimerization model and various second-order virial
coefficients, and thus are not based on experiment; the B,; val-
ues on the other hand are regressed from experimental data,
using these estimated values of B,. One should note that the
B, values are about 20 times larger than the B, coefficients,
reflecting the stronger interactions exhibited by H,O mole-
cules in comparison to CO, (a result also apparent in compari-
son of Byz to B3p). Computed values are presented for the ab
initio-based models, as well as the semiempirical GCPM for-
mulation. These two independent models give results that are
in good mutual agreement, lending credibility to both sets of
results. This is important, because the calculations are not in
good agreement with the experimental data. Those data are
somewhat noisy, and for some temperatures it is possible that
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Figure 6. Third virial coefficient of CO,, Bs,.

Experimental data (open symbols) are from Patel
et al.> Holste et al.,”” Duschek et al.*® and Patel/
Hall.">* Solid line is from the EOS of Span and Wag-
ner'® as implemented by the REFPROP database.® Cal-
culated values (filled symbols) from this work are based
on the pair potential of Hellmann.>® Values based on
assumption of pairwise-additivity (U, only) are labeled
“2-body,” and show results with and without the semi-
classical correction (as indicated). Results labeled 3-
body” include the contribution from Uj as given by Egs.
5 and 6, using the semiclassical U,. Data indicated as Yu
and Schmidt are as reported in Ref. 29 and are based on
2- and 3-body models given there. GCPM data are based
on the model of Persson?’ as computed in this work (dia-
monds), and as reported by Persson (triangles). Where
not shown, confidence limits are smaller than the symbol
sizes, except for Patel et al., Holste et al., and Duschek
et al.,, for which the confidence limits are unknown.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 7. Third virial coefficient of H,0, Bygs.

Experimental data (open symbols) are from Eubank
et al.,40 Warowny and Eubank,41 Kell et al.,42 and Abdu-
lagatov et al.®® Calculated values (filled symbols) from
this work are based on the potential of Gora et al.>
with and without semiclassical corrections for U, (as
indicated). Results that include the 3-body contribution
U; are indicated, using the generic polariza-
tion+dispersion approach (Eqs. 5 and 6), and the full 3-
body potential U; of Goéra et al.”> GCPM values are
computed using the model of Pericaud et al.'” Where
not shown, confidence limits are smaller than the symbol
sizes, except for Eubank et al.,, Warowny-Eubank, and
Kell et al., for which the confidence limits are unknown.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

they are in agreement with the calculations. Below 300 K,
however, the difference between experiment and the models is

significant, and cannot be ascribed to experimental
uncertainty.
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Figure 8. Cross third virial coefficient for CO,-CO5,-
H20, By1.

Experimental data (open symbols) are from Patel
et al.'® and Meyer and Harvey.’ Calculated values
(filled symbols) from the present work are based on the
combination of pair and 3-body potentials (Eqs. 5 and
6) as described in the text. Data labeled GCPM use the
hybrid CO,-H,O GCPM model with the combining
rules given by Eq. 8, and the GCPMX data are the
same, but with CO,-H,O exp-6 parameters fit to experi-
mental By; data. Where not shown, confidence limits
are smaller than the symbol sizes, except for Patel
et al., for which the confidence limits are unknown.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Conclusions

The study presented here provides a demonstration of the
feasibility, but also the complications, involved in developing
and applying a quantitatively accurate, ab initio based model
for intermolecular interactions. We see in particular the value
of examination of virial coefficients as a means to establish
the accuracy of the molecular model. It should be noted that
any attempt to develop a molecular model by fitting of first-
principles calculations will necessarily be biased by the choice
and weighting of the configurations used to fit the functional
form. In principle, this should not matter, but because the fitted
potential is only approximate, its ultimate form will depend on
these choices. Thus, it may be possible to develop a fitted
potential that captures the computed data with good accuracy,
and perhaps agrees with spectroscopic data characterizing
clustering, but fails to describe the temperature-dependent vir-
ial coefficients with accuracy commensurate to the precision
of the experimental and computational data. The virial coeffi-
cients depend on the entire potential surface, and their temper-
ature dependence provides a means to emphasize different
parts of the surface when making comparison to experiment.
On the other hand, good experimental data can be difficult to
obtain, particularly for mixtures, and particularly for coeffi-
cients beyond the second. In such circumstances, the ability to
compute virial coefficients reliably from first principles can be
especially useful. Such a facility can provide a route to accu-
rate prediction of gas-phase properties at conditions of impor-
tance to engineering and science applications.
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