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The systematic intermolecular potential extrapolation routine �SIMPER� is applied to the
water-oxygen complex to obtain a five-dimensional potential energy surface. This is the first
application of SIMPER to open-shell molecules, and it is the first use, in this context, of asymptotic
dispersion energy coefficients calculated using the unrestricted time-dependent coupled-cluster
method. The potential energy surface is extrapolated to the complete basis set limit, fitted as a
function of intermolecular geometry, and used to calculate �mixed� second virial coefficients, which
significantly extend the range of the available experimental data. © 2007 American Institute of
Physics. �DOI: 10.1063/1.2756524�

I. INTRODUCTION

The water-oxygen interaction is important in chemistry
and biochemistry, in combustion processes, and in under-
standing the properties of humid air for metrology. The ab-
sorption of light by oxygen gas is affected by collisions be-
tween oxygen and water molecules, and this may have a
significant effect on transmission of light through the earth’s
atmosphere.1 To predict these properties of water-oxygen
mixtures, particularly the thermodynamic properties that are
the main focus of this work, a potential energy surface is
needed, which describes the intermolecular interactions for
all coordinates over a range of energies from the potential
minimum at least up to dissociation of the complex. This
paper describes the first calculation and analytical fit of a
five-dimensional water-oxygen potential energy surface
�assuming rigid monomers� and subsequent calculations of
second virial coefficients for the water-oxygen system, which
complete our study of the nonideal gas properties of mixtures
of water with the main components of air.2,3

The weakly bound nature of the water-oxygen complex
and the open-shell electronic structure make theoretical cal-
culations of the intermolecular potential difficult. In fact, the-
oretical studies up to 1998 �Ref. 4� did not even include the
planar, van der Waals bonded intermolecular geometry that is
now believed to be the potential minimum.5–7 This was first
studied in 2002 by Kjaergaard et al.8 using quadratic con-
figuration interaction with single and double substitution cal-
culations. However, several different equilibrium geometries
were proposed in the following three years, including an out-
of-plane geometry9 and hydrogen-bonded geometries.10,11

The limited amount of spectroscopic data on the water-
oxygen dimer9,12 has not yet enabled the equilibrium geom-
etry to be established experimentally.

The water-oxygen intermolecular potential energy is cal-
culated in this paper at the unrestricted second-order Møller-
Plesset �UMP2� level, with extrapolation to the complete ba-
sis set limit. A correction for the approximate treatment of
electron correlation is applied using the systematic intermo-
lecular potential extrapolation routine �SIMPER�,13 and the
resulting potential energy surface is tested for accuracy using
restricted coupled cluster with single, double, and perturba-
tive triple excitations �RCCSD�T�� calculations. The
minimum-energy structure essentially agrees with that of
Kjaergaard et al. Other previously reported minima are
found to have higher energies, but there is a local hydrogen-
bonded minimum in addition to the global minimum. The
methods used to calculate the potential energy surface are
described in Sec. II, and the results and second virial coeffi-
cients are presented in Sec. III and IV.

II. METHODOLOGY

The intramolecular water and oxygen geometries are
fixed at their ground-state expectation values �O–O bond
length of 2.288a0,14 O–H bond length of 1.8361a0, and HOH
bond angle of 104.69°;15 the Bohr radius is a0�5.291 772
�10−11 m�. The five intermolecular coordinates are analo-
gous to those previously used for the water-hydrogen16 and
water-nitrogen3 complexes. The distance R and the spherical
polar angles � and � define the position of the center of the
O2 molecule in a coordinate system with its origin at the
water O atom, z axis from the origin directly away from the
midpoint between the two H atoms, and x axis from one H
atom to the other. The spherical polar angles �� and �� define
the orientation of the O2 molecule relative to the same axes.

A total of 3465 separate relative orientations
�� ,� ,�� ,��� are used in the calculations. These consist of
three randomly chosen sets of 1000 orientations each, which
are used only for test calculations with small basis sets, and
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one set of 465 orientations, which is used in the calculation
of the final potential energy surface. �The number 465 is
limited by available computing power.�

The set of 465 orientations is obtained as follows. Let
�i, i=1–465, denote the set of orientations, and let Fj���,
j=1–465, denote a set of orthogonal angular functions,
which are chosen here to be products of spherical harmonics
Ylm�� ,��Yl�m���� ,���, with l�6, l��6, and l+ l��10. De-
fine a matrix M such that Mij =Fj��i�. The coefficients cj in
an angular expansion of the energy can be obtained using c
=M−1E, where E is the vector of calculated energies, Ei

=E��i�. To make the matrix M as far from linear dependence
as possible, the sum of squares of the elements of its inverse
M−1 is minimized with respect to variations in the chosen
orientations. �This is equivalent to minimizing �i�i

−2, where
�i are the eigenvalues of M.� This is done by repeatedly
making random small changes to randomly chosen orienta-
tions and keeping the change if the sum of squares of M−1

decreases. When applied to smaller problems, for which the
results can be explicitly checked, this procedure appears to
be reasonable. In two dimensions �� ,��, with four angular
functions Ylm, l�1, the four resulting points are found to be
at the vertices of a regular tetrahedron, and the nine points
produced from the nine functions Ylm, l�2 form a regular
tricapped trigonal prism. The 465 orientations used for the
water-oxygen dimer are shown schematically in Fig. 1. Ten
different water-oxygen distances R are used in the calcula-
tions: R /a0=4.5, 5, 5.5, 6, 6.5, 7, 7.5, 8, 9, and 10, so the
final potential energy surface is calculated at 4650 separate
points.

All calculations use the “SP” modified versions3,17 of the
Dunning basis sets,18 where SP means “shifted polarization

functions.” For example, the SP-aug-cc-pVTZ basis set �ab-
breviated as SPTZ in what follows� is obtained from the
aug-cc-pVTZ basis set by changing the exponents of the two
oxygen f Gaussians to equal the most diffuse �smallest� ex-
ponents of the oxygen d Gaussians. The exponents of the d
Gaussians on hydrogen are changed to be the same as the
most diffuse hydrogen p Gaussians. Similarly, the SPQZ ba-
sis set is based on the aug-cc-pVQZ basis set, with the f and
g Gaussian exponents on oxygen changed to equal the most
diffuse d exponents, and the d and f Gaussian exponents on
hydrogen changed to equal the most diffuse p exponents.
The “SPDZ” basis set is identical to the aug-cc-pVDZ basis
set, because there are no f polarization functions on O or d
on H.

The oxygen and water molecules interact through weak
van der Waals forces, so it is important to include nonlocal
electron correlation in supermolecule calculations. The meth-
ods used to achieve this are MP2 perturbation theory,
coupled-cluster theory with single and double excitations
�CCSD�, CCSD with perturbative triple excitations
�CCSD�T��, and the SIMPER method.13 Both restricted and
unrestricted electron spins are considered. Supermolecule
calculations are performed using the MOLPRO program,19,20

apart from unrestricted CCSD �UCCSD�, which uses the SIM-

PER program, and some UMP2 results are checked for con-
sistency between the two programs. In the unrestricted-spin
calculations, the expectation value of the total spin quantum
number S2 is 2.048 or 2.049 for the oxygen monomer and for
the water-oxygen dimer, so spin contamination of the wave
function is small, and the use of unrestricted spins is justi-
fied. In preliminary studies, calculating an entire CCSD�T�
potential energy surface was not feasible �it took over
8 h/point with the SPTZ basis set, and SPQZ calculations
were not successful�, and the CCSD method is found to be
quite inaccurate for supermolecule calculations �see below�,
so the UMP2 method is chosen to produce the initial poten-
tial energy surface.

Although Møller-Plesset calculations usually offer rea-
sonable accuracy for relatively low effort, they do not always
produce reliable van der Waals energies; even for closed-
shell atoms they can give errors of around 40% in the well
depth.21 Since CCSD�T� calculations are too demanding, the
SIMPER method is used to improve the treatment of electron
correlation.

The SIMPER method involves dividing the UMP2 su-
permolecule interaction energy Eint into a first-order Cou-
lomb �electrostatic� interaction energy Eelec, a second-order
induction interaction energy Eind, a second-order dispersion
interaction energy Edisp, and an “exchange-repulsion interac-
tion energy” Erep at each point on the potential energy sur-
face,

Eint�UMP2� = Eelec�UMP2� + Eind�UMP2�

+ Edisp�UMP2� + Erep�UMP2� . �1�

The first three of these contributions are well-defined parts of
the UMP2 supermolecule interaction energy. They depend on
the molecular charge densities and polarization propagators,
both of which can be calculated as the sum of the corre-

FIG. 1. Plane projection of the 465 angular geometries used in the calcula-
tion of the potential energy surface. The water molecule is shown as large
open circles, and its plane is oriented at 45° to the plane of the paper.
Oxygen molecules are placed on the surface of a quarter sphere, centered on
the oxygen atom of the water molecule. The oxygen molecules on the right-
hand edge of the diagram are centered in the plane of the water molecule,
and those on the left-hand edge are equidistant from the hydrogen atoms.
The bond length of the oxygen molecules is reduced by a factor of 5 for
clarity. Oxygen molecules that are oriented at an angle to the plane of the
paper have their upper atom shown larger.
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sponding unrestricted Hartree-Fock property plus the UMP2
correlation correction. The first-order Coulomb energy is the
interaction between the unperturbed charge densities of the
two molecules �excluding the interaction between the two
UMP2 corrections�, the induction energy is the interaction
between the square of the charge density of water and the
polarization propagator of oxygen and vice versa �excluding
contributions involving products of two or three UMP2 cor-
rections�, and the dispersion energy is calculated using the
uncoupled Hartree-Fock frequency-dependent polarization
propagators �with no UMP2 correction�. The exchange-
repulsion energy is the difference between the sum of these
three contributions and the supermolecule interaction energy
Eint.

The different contributions to the supermolecule energy
are then recalculated, or scaled, using a higher level of elec-
tron correlation. The UMP2 electrostatic interaction energy
is simply replaced by the electrostatic interaction energy be-
tween monomer UCCSD charge densities. The UMP2 dis-
persion energy is expressed as a sum of multipolar contribu-
tions CnR−n, n�6, multiplied by damping functions fn�bR�,
where Cn is an orientation-dependent dispersion energy co-
efficient and R is the separation between the oxygen atom of
water and the bond center of the O2 molecule. The damping
length scale parameter b is determined uniquely at each point
on the surface from the calculated UMP2 dispersion energy
and the UMP2 dispersion energy coefficients. The UMP2
dispersion energy coefficients are replaced by unrestricted
time-dependent coupled-cluster �TD-UCCSD� dispersion en-
ergy coefficients,22 and the parameter b is multiplied at each
point by the ratio of the TD-UCCSD to UMP2 values of the
quantity �C6 /C8 �Ref. 23� at that orientation. This defines
the SIMPER dispersion energy. The induction energy is a
relatively small part of the total interaction energy and is not
changed �but see below�. Finally, the UMP2 exchange-
repulsion energy is multiplied by the ratio of the UCCSD to
UMP2 values of the quantity S�, which is the overlap integral
between the two monomer electron densities, to give the
SIMPER exchange-repulsion energy. The total SIMPER in-
teraction energy is then the sum of the UCCSD electrostatic
energy, the UMP2 induction energy, and the SIMPER disper-
sion and exchange-repulsion energies,

Eint�SIMPER� = Eelec�UCCSD� + Eind�UMP2�

+ Edisp�SIMPER�

+ Erep�UMP2�
S��UCCSD�
S��UMP2�

. �2�

This work is the first use of SIMPER for an open-shell
dimer, and it is the first time that it has been implemented
with time-dependent coupled-cluster dispersion energy coef-
ficients. Note that the computational requirements per point
on the potential energy surface are essentially the same for
SIMPER and UMP2. The SIMPER method requires addi-
tional calculations of the UCCSD charge densities and TD-
UCCSD frequency-dependent polarizabilities, but these cal-
culations are only done once per monomer, not once per
point on the surface.

III. RESULTS

Using UMP2/SPQZ supermolecule calculations, the
equilibrium geometry of the water-oxygen dimer having the
lowest energy is found to be planar, with the O2 molecule
located toward the oxygen end of the water molecule and
oriented roughly parallel to the nearest OH bond �“O
bonded”�. In terms of the coordinates given in Sec. II, R
�6.0a0, ��36°, and ���130°. A second planar minimum is
also found, with the oxygen molecule “H bonded” to a hy-
drogen atom of water. The coordinates of this structure are
R�7.4a0, ��120°, and ���155°. These two structures are
shown in Fig. 2; the lowest-energy pathway from the
O-bonded to the H-bonded structure involves clockwise ro-
tation of the oxygen molecule on the figure by more than
180°. The symmetry of the water and oxygen molecules
means that there are four equivalent versions of each equi-
librium structure. In general, the water-oxygen complex
shows more “van der Waals” character than the water-
nitrogen complex: water-nitrogen is more strongly bound at
the equilibrium geometry, and its potential energy surface is
more anisotropic, as a result of the larger nitrogen quadru-
pole. Some water-nitrogen orientations are repulsive for all
intermolecular separations, which is not the case for
water-oxygen. Furthermore, enlarging the basis set increases
the water-oxygen binding energy for most of the geometries
considered, including all the geometries with R	8a0; this is
also typical of a van der Waals complex.

The UMP2 and SIMPER interaction energies are shown
in Table I for two geometries close to the O-bonded and
H-bonded equilibrium structures described above. The bind-
ing energy changes by about 60% from the SPDZ to SPTZ
basis set but only by about 4% from SPTZ to SPQZ. Basis
set extrapolation using the two-point formula of Martin24 in-
creases the SPQZ binding energy by a further 2% or so.

The error associated with the incompleteness of the
SPQZ basis set and/or with basis set extrapolation is almost
certainly less than the error associated with the treatment of
electron correlation. Results obtained with the SPTZ basis
set, using the MP2, CCSD, and CCSD�T� methods, and with
restricted and unrestricted electron spins are also shown in
Table I. For the O-bonded global minimum, the difference
between the largest and smallest energies is 29%. Even the
RMP2 and UMP2 results differ by 20%. The SIMPER bind-

FIG. 2. The planar O-bonded and H-bonded equilibrium geometries of the
water-oxygen dimer. The O-bonded dimer consists of the water molecule
and the upper oxygen molecule. The H-bonded dimer consists of the water
molecule and the lower oxygen molecule.
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ing energy is around the middle of the range. It is 10% shal-
lower than the UMP2 potential, which is used as the starting
point for the SIMPER method, and is 6% shallower than the
RCCSD�T� potential, which is probably the most reliable
supermolecule result in the table. Although the CCSD
method usually gives reliable monomer properties �such as
those used in the SIMPER method�, it does not describe this
weak intermolecular bond particularly well; it is consider-
ably more computationally expensive, and apparently less
accurate, than the UMP2 method. The agreement between
the different methods improves rapidly as the intermolecular
separation increases, as shown in Fig. 3.

For the H-bonded local minimum, the difference be-
tween the largest and smallest energies is 59%, or 42% for
the supermolecule methods �excluding SIMPER�. As with
the O-bonded geometry, the RCCSD, UCCSD, and restricted
MP2 �RMP2� methods give significantly smaller binding en-
ergies than the UMP2, RCCSD�T�, and SIMPER methods.
The difference between the RMP2 and UMP2 binding ener-
gies is 25% for the H-bonded geometry, whereas the RCCSD
and UCCSD binding energies are again very similar, presum-
ably because the single excitations in the CCSD cluster op-
erator can interconvert the restricted and unrestricted SCF

orbitals. The SIMPER binding energy for the H-bonded ge-
ometry is 11% more than the RCCSD�T� binding energy.

Table II shows the SIMPER corrections to the separate
components of the energy �electrostatic, induction, disper-
sion, and exchange repulsion�. In the O-bonded geometry,
the electrostatic and dispersion energies both become less
negative when the relevant MP2 quantities are replaced by
their CCSD counterparts. In the H-bonded geometry, where
the RCCSD�T� result suggests that the SIMPER method may
be overestimating the binding energy, the dispersion energy
becomes more negative, and this roughly cancels the change
in the electrostatic energy, but the largest effect is a reduction
in exchange-repulsion energy arising from the reduced over-
lap of the CCSD ground-state electron densities relative to
the MP2 densities. The effect of this difference between
RCCSD�T� and SIMPER calculations on the calculated
thermodynamic properties is considered in more detail in
Sec. IV.

To obtain a complete potential energy surface, the calcu-
lated points are fitted to a function of the coordinates. First,
the original choice of 465 angular points for the potential
energy surface is investigated �see Sec. II�. Supermolecule
calculations are performed at MP2/SPDZ level for the 465
points plus three sets of 1000 randomly chosen angular
points, with an intermolecular separation of 5a0. This inter-
molecular separation is chosen to sample the repulsive wall,
where fitting is most difficult; the calculated interaction en-
ergies range from 150 to 20 000 cm−1. The results are fitted
to a set of 195 angular functions, with l�6 for the water
molecule and l�4 for O2. When the original 465 points are
fitted, and the resulting �unweighted� fit is compared to the
3465 calculated energies at the same separation, the rms er-
ror is 277 cm−1. Fitting the three sets of 1000 randomly cho-
sen points gives rms errors, compared to the complete set of
3465 points, of 281, 292, and 270 cm−1. The best possible
rms error with this set of angular functions, obtained by fit-
ting all 3465 points, is 250 cm−1. Similar results are obtained
for the other intermolecular separations, and it is concluded
that the chosen set of 465 angular points gives a good rep-
resentation of the angular behavior of the potential, and that
the method used to select these points is about twice as effi-
cient as random selection, in terms of the number of points

TABLE I. Intermolecular potential �in cm−1, 1 cm−1�1.986 43�10−23 J� near the O-bonded global minimum and H-bonded local minimum of the H2O–O2

complex, obtained with different theoretical methods and basis sets. R and U denote restricted and unrestricted spins, respectively. CBS denotes extrapolation
of SPTZ and SPQZ results to the complete basis set limit.

O-bonded H-bonded

SPDZ SPTZ SPQZ CBS SPDZ SPTZ SPQZ CBS

UMP2 −139 −200 −207 −211 −73 −121 −126 −128
SIMPER −110 −180 −184 −186 −77 −137 −146 −152

SPTZ MP2 CCSD CCSD�T� SIMPER MP2 CCSD CCSD�T� SIMPER

R spin −167 −155 −192 −97 −86 −123
U spin −200 −155 −180 −121 −87 −137

FIG. 3. The radial dependence of the water-oxygen intermolecular potential
at the O-bonded geometry. Open squares, UMP2/SPTZ; open circles,
SIMPER/SPTZ; stars, RCCSD�T�/SPTZ; filled squares, UMP2/CBS; filled
circles, SIMPER/CBS; solid line, fit to SIMPER/CBS; and dotted lines, 7%
confidence limits.
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required to obtain a representation of equal quality of the
entire surface. The fitted potential in the O-bonded geometry
is shown in Fig. 3.

For the complete potential energy surface, a number of
analytical fits have been investigated, and the most economi-
cal in terms of minimizing rms error and number of param-
eters is found to be a scheme that uses fitting functions ex-
pressed in terms of the O→B, H→B, and H�→B vectors,
where O, H, and H� are atoms of the water molecule and B is
the bond center of the oxygen molecule. A local coordinate
system is used on each atom. The local x axis of the water
oxygen is parallel to the H→H� vector, and the local z axis
points along the symmetry axis away from the hydrogen at-
oms. The local z axis of each hydrogen atom points away
from the water oxygen, and the local x axis is in the molecu-
lar plane and has a component away from the other hydrogen
atom. The local z axis of O2 points along the bond. The
fitting functions are chosen to be the product of inverse pow-
ers of distance and S functions,25

Efit = �
i=O,H

�
n=3

6

�
l1,l2,l,k1,k2

Ci,n,l1,l2,l,k1,k2
Ri,B

−2nSl1,l2,l
k1,k2 ��i� , �3�

where Ri,B is the intersite distance and �i is the relative
orientation of the local axes and the intersite vector. The
maximum angular momenta are l=2 for O, H, and H� and 6
for B, giving 316 independent parameters in the fit. The
weighting used in the fit for most of the calculated energies E
is w=exp�−E /E*�, where E*=658 cm−1, but this is found to
give too little weighting to points high on the repulsive wall,
resulting in unacceptably large discrepancies in this region,
so for calculated energies E
E* the larger of w and E* / �3E�
is used. The sum of the weights of all 4650 calculated points
is usually about 2150 times greater than the largest indi-
vidual weight, and the weighted rms error is less than
3 cm−1. The parameters for the fitted potential-energy func-
tion and a FORTRAN subroutine to evaluate it are available as
supplementary material via EPAPS.26

IV. SECOND VIRIAL COEFFICIENTS

A. Calculation

The cross second virial coefficient B12 for the water-
oxygen mixture is calculated from the potential function fit-
ted to the complete basis set extrapolation of the SIMPER
results. The calculation procedure, which has been described
previously,16 includes translational and rotational quantum
effects to first order; higher-order quantum effects are ex-
pected to be negligible above 100 K.16 The calculated second
virial coefficient is fitted as a function of temperature,

B12�T� = �
i=1

4

ci�T��di, �4�

where T*=T / �100 K�, B12 and the ci have units of
cm3 mol−1, and the values of ci and di are given in Table III.
Equation �4� is valid for temperatures from 100 to 3000 K.
Table IV shows calculated values of B12 at different tempera-
tures.

B. Estimate of uncertainty

The significant dependence of the intermolecular poten-
tial on the methodology, as shown in Sec. III, produces some
uncertainty in the calculated second virial coefficients. To
investigate this further, with the aim of estimating reasonable
confidence limits, the second virial coefficients are also cal-
culated using a fit to the calculated UMP2 potential energy
surface, extrapolated to the complete basis set limit. Overall,
the SIMPER potential energy surface produces somewhat
more negative virial coefficients; it is necessary to make the

TABLE II. Contributions to the intermolecular potential �cm−1� near the O-bonded global minimum and
H-bonded local minimum of the H2O–O2 complex, obtained with different basis sets and extrapolation to the
complete basis set limit �CBS�. The first number is the UMP2 value, and the number in parentheses is the
SIMPER correction to it.

O-bonded

SPDZ SPTZ SPQZ CBS

Eelec −160�+8� −147�+11� −151�+13� −154�+14�
Eind −32�0� −35�0� −43�0� −49�0�
Edisp −218�+18� −274�+11� −291�+14� −301�+16�
Erep 271�+3� 257�−3� 280�−5� 293�−6�

H-bonded
Eelec −69�+12� −92�+13� −89�+14� −87�+14�
Eind −56�0� −80�0� −90�0� −95�0�
Edisp −215�−1� −249�−8� −258�−12� −263�−14�
Erep 267�−15� 299�−20� 311�−23� 317�−24�

TABLE III. Coefficients for Eq. �4� for B12�T� for the H2O/O2 pair. The ci

are in cm3 mol−1 and the di are dimensionless.

i ci di

1 124.605 −0.33
2 −214.421 −0.73
3 −102.818 −2.03
4 −22.360 −4.07
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SIMPER potential about 7%–8% shallower �depending on
the temperature� to give agreement with the UMP2 calcula-
tions. It is, therefore, important to determine whether this
overall deepening of the potential by the SIMPER procedure
is realistic or just an artifact of the method. To this end, 17
sets of �� ,� ,�� ,��� orientations are chosen in a similar way
to the 465 orientations used for the main calculation, and
UMP2, RCCSD�T�, and SIMPER calculations are performed
at these orientations. Intermolecular separations R=6.5a0

and 7a0 are chosen because they have the most negative
average energies, and they are the separations where the dif-
ference between the UMP2 and SIMPER potential energy
surfaces has the greatest effect on the virial coefficients. The
SPTZ basis set is used for these calculations. The average
interaction energies for these 17 points �in cm−1� at R
=6.5a0 are −14.3 �UMP2�, −30.7 �RCCSD�T��, and −37.0
�SIMPER�. At R=7a0 they are −83.6 �UMP2�, −95.2
�RCCSD�T��, and −96.4 �SIMPER�. Similar calculations on
the repulsive wall at R=5.5a0 give average energies of
+1245 �UMP2�, +1224 �RCCSD�T��, and +1189 �SIMPER�.
Based on these results, the deepening of the potential well by
SIMPER appears to be qualitatively correct, although per-
haps a little exaggerated.

The main difference between the SIMPER and
RCCSD�T� calculations at these 17 orientations occurs near
the H-bonded geometry shown in Sec. III, where the SIM-
PER well depth is greater. The reason for the discrepancy at
this geometry is not clear. One possibility may be the treat-
ment of exchange-repulsion by SIMPER; the SIMPER
exchange-repulsion energy is based on the semiempirical as-
sumption that the exchange repulsion is proportional to the
electron density overlap, and it is probably the least well
founded of the different SIMPER contributions. However,
the analogous H-bonded geometry of H2O–N2 showed very
good agreement between SIMPER and CCSD�T�,3 and there
is no obvious reason why H2O–O2 should be different. An-
other possibility may be the use of the unmodified UMP2
induction energy in the SIMPER method. Two methods for

modifying the induction energy are therefore considered.
Firstly, the UCCSD long-range multipolar induction energy
coefficients are used instead of their UMP2 counterparts, in a
similar fashion to the dispersion energy, and secondly, the
UMP2 induction energy is replaced by the UMP2 response
of oxygen to the UCCSD charge density of water and vice
versa. However, neither modification affects the induction
energy enough to account for the discrepancy with the
RCCSD�T� energy. Of course, it should also be noted that the
RCCSD�T� calculations themselves have errors, arising from
the incomplete treatment of electron correlation.

Based on the foregoing discussion, a pessimistic esti-
mate of the uncertainty in the virial coefficients is obtained
by multiplying the negative interaction energies by 1.07 and
dividing the positive interaction energies by 1.07 to give a
lower bound on the virial coefficients, and vice versa, to give
an upper bound. Table IV shows the uncertainties obtained in
this manner at different temperatures.

C. Comparison with experimental data

The only experimental B12 �mixed second virial coeffi-
cient� data for the H2O/O2 mixture come from the study of
Wylie and Fisher,27 who measured the solubility of liquid
water in gaseous oxygen at approximately 298, 323, and
348 K. Their reported virial coefficients are used directly for
comparison with the results calculated in this paper; recalcu-
lation of B12 from the original solubility data of Wylie and
Fisher with the procedures used previously2 yields slightly
different values, but the differences are well within their re-
ported uncertainties for B12. Hall and Iglesias-Silva28 indi-
rectly estimated B12 for the H2O/O2 pair based on a corre-
lation of B12 for water with air29 and on literature B12 data for
water with nitrogen.30 Their results are somewhat less nega-
tive than those of Wylie and Fisher.27

In Fig. 4, the calculated values of B12 from this work are
shown, along with results from the literature. The shaded
area represents the uncertainty in the calculated results, as

TABLE IV. Second virial coefficients B12 calculated using Eq. �4� and their
estimated uncertainties �B12.

T �K� B12 �cm3 mol−1� �B12 �cm3 mol−1�

100 −214.99 29.53
150 −99.92 13.75
200 −56.65 8.74
250 −34.29 6.40
300 −20.75 5.06
350 −11.73 4.20
400 −5.32 3.61
450 −0.57 3.17
500 3.09 2.83
600 8.29 2.36
700 11.77 2.03
800 14.23 1.80
900 16.03 1.63
1000 17.39 1.49
1500 20.86 1.10
2000 22.06 0.91

FIG. 4. Second virial coefficients for the water/oxygen mixture from the
literature �shown as points with error bars�, calculated second virial coeffi-
cients �full curve�, and estimated uncertainties in the calculations �shaded
area�.
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discussed above. This uncertainty, and those of the literature
points, may be taken as standard uncertainties with coverage
factor k=2 �approximately a 95% confidence interval�. The
calculated values for B12�T� are systematically less negative
than the experimental data of Wylie and Fisher,27 although
the uncertainties are large enough that the results cannot de-
finitively be said to be inconsistent. The gas saturation tech-
nique employed by Wylie and Fisher requires lengthy and
laborious experimental runs, so it is not unthinkable that ad-
ditional systematic errors could be present in their data. De-
finitive resolution of the apparent discrepancy between these
data and the present calculations would require either con-
firming experiments or a reduction in the uncertainty of the
pair potential. On the other hand, the calculations agree well
with the values obtained indirectly from water-air and water-
nitrogen data by Hall and Iglesias-Silva.28 This agreement is
consistent with recent work by Harvey and Huang,31 which
shows that combining the water-oxygen results reported
here with previous calculations for water-argon2 and
water-nitrogen3 produces excellent agreement with available
high-quality data for B12 for water with air.

Information about the function B12�T� may also be de-
rived from vapor-phase enthalpy-of-mixing data, which,
when extrapolated to low pressure and combined with B�T�
for the pure components, yield the function �12=B12

−TdB12/dT. While no such data have been published for the
H2O/O2 mixture, unpublished measurements by Wormald32

over the temperature range from 383 to 493 K show that at
atmospheric pressure the enthalpy of mixing for an equimo-
lar mixture is approximately �1±0.5� J mol−1 more positive
than it is for the H2O/N2 mixture.

The quantity �12=B12−TdB12/dT can also be calculated
from Eq. �4�. When this is combined with pure-component
values of � for H2O �Ref. 33� and O2,34 the low-pressure
limit of the quantity HE/ p for a mixture of H2O and O2 is
obtained,2 where HE is the excess enthalpy of mixing and p
is the pressure. The resulting values of HE for an equimolar
H2O/O2 mixture at atmospheric pressure between 383 and
493 K are more positive than those obtained for H2O/N2

using a calculated H2O/N2 B12�T� function3 by amounts
ranging from 1.4 J mol−1 at the low end of this temperature
range to 1.0 J mol−1 at the high end. This result is in good
agreement with the measurements done by Wormald.32

Estimation of the uncertainties in the calculated values
of �12 is not trivial, and in previous works on other
systems2,3,16 these uncertainties have probably been underes-
timated. A more rigorous treatment of the uncertainty in �12

for water with oxygen and with the other components of air
is provided by Harvey and Huang.31

V. DISCUSSION

A new potential energy surface has been calculated for
the interaction of rigid water and oxygen molecules and fit-
ted to an analytical five-dimensional function. Water and
oxygen molecules attract one another primarily by dispersion
forces, but their electrostatic interaction is also important.
The potential well is about half as deep as the water-nitrogen
potential, and nearly twice as deep as the argon-oxygen

potential,35 which reflects the differing influence of electro-
static interactions on the binding energies of these dimers.
Two symmetry-distinct minima are found on the water-
oxygen potential energy surface.

Second virial coefficients for the binary water/oxygen
mixture have been calculated using the fitted potential energy
surface. The results have rather wider confidence limits than
analogous calculations for water/nitrogen and water/
hydrogen. The greater uncertainty reflects a larger discrep-
ancy between the SIMPER method used to calculate the po-
tential energy surface and the benchmark CCSD�T�
supermolecule method; the discrepancy occurs mainly in the
region of the secondary �H-bonded� minimum. The reason
for the discrepancy is not clear, but it may reflect the diffi-
culty of treating unpaired electrons in van der Waals com-
plexes.

Test calculations of the spherically averaged intermo-
lecular potential suggest that the estimated confidence limits
are quite generous, as the upper bound of the second virial
coefficients is close to the second virial coefficients obtained
from the UMP2 potential, whereas the RCCSD�T� potential
is significantly deeper than the UMP2 potential and is closer
to the SIMPER potential than it is to the UMP2 potential. �It
is noted that better agreement with the limited experimental
second virial coefficient data27 on the water/oxygen mixture
would require an even deeper potential than SIMPER.�

Other uncertainties in the second virial coefficients,
which will arise from basis set incompleteness, from ignor-
ing higher quantum corrections, and from assuming rigid
monomers, are expected to be less significant than uncertain-
ties arising from the potential energy surface. Basis set ef-
fects have been studied explicitly in this paper. The higher
quantum corrections will be even less important than for
water/hydrogen, and the effects of nonrigid monomers have
been discussed in a previous work.3

Calculating thermodynamic properties requires averag-
ing over a complete potential energy surface, and it is desir-
able to avoid methods that systematically under- or overesti-
mate the interaction energy for most geometries. Based on
the RCCSD�T� method as a benchmark, SIMPER appears to
suffer less from this problem than do the UMP2 and CCSD
methods, even though the computational cost of supermol-
ecule CCSD scales much more steeply with system size than
SIMPER. Thus, the deeper H-bonded minimum predicted by
the SIMPER method, relative to CCSD�T�, is offset to some
extent by the shallower O-bonded minimum. The SIMPER
method also seems to be reliable for smaller basis sets; no
significant “counterpoise” correction is required, even
though SIMPER uses monomer properties calculated in the
monomer, not dimer, basis set. SIMPER also seems to be
reliable at short intermolecular separations. For example,
there do not appear to be any significant errors from the use
of perturbation theory to obtain the electrostatic, induction,
and dispersion energies.
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