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We present the first global five-dimensional potential energy surface for the HoO-HF
dimer, a prototypical hydrogen bonded complex. Large scale ab initio calculations
were carried out using the explicitly-correlated coupled cluster approach with single-
and double-excitations together with non-iterative perturbative treatment of triple
excitations [CCSD(T)-F12a] with the augmented correlation-consistent aug-cc-pVTZ
basis sets, in which the water and hydrogen fluoride monomers were frozen at their
vibrationally averaged geometries.

The ab initio data points were fitted to obtain a global potential energy surface for
the complex. The equilibrium geometry of the complex corresponds to the formation
of a hydrogen bond with water acting as a proton acceptor and a binding energy
of D, = 3059 cm™! (8.75 kcal/mol). The energies and wavefunctions of the lowest
bound states of the complex were computed using a variational approach, and the
dissociation energies of both ortho-HyO-HF (Dy = 2089.4 cm™! or 5.97 kcal/mol)
and para-H,O-HF (D = 2079.6 cm™! or 5.95 kcal/mol) were obtained. The rota-
tional constant of the complex was found to be in good agreement with the available

experimental data.

a)Electronic mail: jerome.loreau@kuleuven.be



I. INTRODUCTION

Water is ubiquitous both on Earth and in astrophysical environments such as planetary
and cometary atmospheres where it is especially abundant!. On earth, water plays a major
role, since it is found everywhere in liquid, solid and gaseous form, and its presence seems
to have been essential for the emergence of life. HyO also has the ability to easily interact
to other chemical species to form aggregates. These aggregates play a crucial role in the
kinetics of the media where they are formed, in particular in the Earth’s atmosphere?, and

can act as a catalyst for some chemical reactions.

The HyO-HF heterodimer is a prototypical example of hydrogen bonded complexes, which
makes it of particular importance both theoretically and experimentally. It was first observed
in 1975 through infrared® and microwave! spectroscopy. The properties of this complex have
been subsequently analyzed in detail experimentally in order to determine its equilibrium
geometry, dipole moment®, zero-point and equilibrium dissociation energies®, hyperfine cou-
pling constants”, out-of-plane bending potential®, and force constants for vibrational modes®.

Additional studies of the vibrational'®'? and rotational'®

spectrum have been reported, as
well as the vibrational relaxation rates of HF by H,O'. Theoretical investigations of the
Hy;O-HF complex have mainly focused on the determination of its equilibrium geometry and
binding energy by means of various ab initio methods, including Hartree-Fock, second-order
perturbation theory, coupled cluster, and density functional theory'®1®. The effects of an-
harmonicity of the HF stretch in the complex was also explored!®. Most recently, Sexton

et al. performed a detailed study of the anharmonic corrections on the dissociation energy

from second-order vibrational perturbation theory?°.

Despite the importance of the HyO-HF complex, a global potential energy surface de-
scribing this system has never been computed. In this work, we perform large scale ab initio
calculations by means of the explicitly correlated coupled cluster method with single, double,
and perturbative triple excitations to generate a five-dimensional potential energy surface
(PES). We use this PES to compute the dissociation energy, the energy of the lowest bound
states of the complex, and the corresponding rotational constants.

An accurate knowledge of the interaction potential between HoO and HF is also of inter-

est in an astrophysical context. Hydrogen fluoride is assumed to be the dominant reservoir

of fluorine in the interstellar medium?!, and it has been suggested that HF should be locked



onto icy grains in dense molecular clouds??. It follows from that hypothesis that HF should
be present in comets formed from protostellar material. HF was indeed observed in the atmo-
sphere of comets C/2009 P1 (Garradd)®® and 67P/Churyumov-Gerasimenko®*, confirming
that fluorine is mostly present under the form of hydrogen fluoride. In order to further im-
prove our understanding of HF in cometary atmospheres, it is then necessary to investigate
its collisional properties with the most abundant molecule, H,O, which requires an accu-
rate interaction potential. Indeed, non-local thermodynamic equilibrium (LTE) situations
are common even in cometary atmosphere and accurate modelling of the molecular spec-
tra requires the computation of radiative and molecular properties of astrophysical species.
H5O-molecule collisions are notoriously difficult to treat using quantum-mechanical meth-
ods, as discussed for the case of HyO-CO in Refs.?52¢ or H,O-HCN?", because of the large
depth and anisotropy of the potential energy surface, as well as because of the large density
of molecular states of the colliding partners.

The paper is structured as follows. In Sec. II, we present the theoretical methods
employed in our ab initio calculations, the fit of the PES, and its main features. In Sec. III
we discuss the lowest bound states of the complexes para—H,O-HF and ortho—H;O-HF.

Conclusions and perspectives are discussed in Sec. IV.

1II. POTENTIAL ENERGY SURFACE

The body-fixed coordinate system employed in our calculations is presented in Fig. 1.
The mutual orientation of the HoO and HF molecules is described by one distance and a
set of 4 angles (61, 1, 02, v2). The origin of coordinates is placed at the center of mass of
the HyO molecule with the z;-axis being the symmetry axis. The HyO molecule lies in the
x12z1-plane. The intermolecular vector R with magnitude R connects the centres of mass
of H,O and HF and the angles 6; and ¢, define the position of the center of mass of HF
relative to the HoO molecule (body-fixed frame 1). On the other hand, the rotation of the
HF molecule relative to the frame 2, which is parallel to the body-fixed frame 1, is defined
by polar and azimuthal angles 6, and 5.

The ab initio calculations were performed in the rigid monomer approximation with
geometrical structures corresponding to the ground vibrational state: rpyo = 1.844 ay,

/(HOH)= 104.43°%® and rgp = 1.749 a¢®®. This is supported by geometry optimization
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Figure 1. Coordinate system for the HoO — HF complex.

calculations performed on the HyO-HF dimer at the second order Mgller-Plesset (MP2) and
coupled cluster (CCSD(T)) levels of theory with basis sets up to quintuple-¢ which showed
that the HoO and HF monomer geometries are only weakly affected by the formation of the
H,O-HF complex!®.

The ab initio calculations of the potential energy surface (PES) of the electronic ground
state of the HoO-HF complex were carried out by means of the explicitly correlated coupled
cluster method with single, double and perturbative triple excitations [CCSD(T)-F12a]*°
with the augmented correlation-consistent triple zeta (aug-cc-pVTZ, hereafter, aVTZ) basis
set3! using MOLPRO 2010 package®?. The optimum value for the exponent 3 in the corre-
lation factor Fjo, which is usually in the range between 1.1 ap' and 1.5 ag' for the AVTZ
basis set?, was set to 1.3 a; " based on preliminary computations. The standard auxiliary
basis sets and density fitting functions®*3> (CABS(OptRI) basis sets) were used in the calcu-
lations. The five-dimensional interaction potential V (R, 01, @1, 62, pa) was corrected for the

basis set superposition error (BSSE) using the Boys and Bernardi counterpoise scheme3®:

V<R7 917 ©1, ‘927 902) = EHQO*HF(R7 ‘917 ®1, ‘927 902) - EH20<R7 '917 ©1, 927 902) - EHF(R7 ‘917 ©1, ‘927 902)

where the energies of HoO and HF monomers are calculated using the full basis set of

the complex. The size inconsistency due to the scaling of F12 triple energy correction in
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Figure 2. Radial cuts through the 5D potential energy surface for selected angular orientations

(01, p1,02, p2) and with various basis sets.

MOLPRO? was corrected by subtracting from V (R, 6y, @1, 02, ) the asymptotic interaction

energy at R = 1000 ag which was found to be 3.35 cm™! for all relative orientations.

The performance of CCSD(T)-F12a/AVTZ method is illustrated in Fig. 2, where we com-
pare interaction energies as a function of the intermolecular distance R for four fixed angular
orientations. We included results obtained using the standard CCSD(T) method with dif-
ferent aug-cc-pVnZ (with n=2-5) basis sets, as well as interaction energies extrapolated to
the Complete Basis Set (CBS) limit using the extrapolation scheme of Peterson et al.3”. It
is seen from the figure that the results closest to the reference CCSD(T)/CBS method are
obtained with the CCSD(T)-F12a approach and the aVTZ basis set, which justifies its use

for the calculation of the full interaction potential.

The potential energy calculations were carried out for a large random grid of angular



orientations, i.e. for each value of intermolecular separations R the energies of about 3000
mutual orientations were calculated. 37 radial grid points were used for each angular orien-
tation, with R varying from 3 to 30 bohr.

The analytical expansion for an asymmetric-top-linear molecule system can be written

ag>®:

V(R7 817 #15 027 SOQ) = Z vllmllgl(R)Ellmllgl(ela #1, 027 902)7 (]-)

where the five body-fixed coordinates (R, 61, 1,02, o) are defined in Fig. 1 and where the
normalized functions #j,,,,1,1(01, ¢1, 02, p2) are explicitly defined in Ref.? (see their Egs. (5)
and (6)). The indices l1,my,ly and [ refer to the tensor rank of the dependence of the
interaction potential to the H,O orientation, the HF orientation, and the collisional vector
orientation, respectively. We note that a phased sum over £m; ensures that the angular
functions are symmetric with respect to reflection in the HoO molecule x;z;-plane. In the
rigid-rotor approximation, the Cy, symmetry of HyO also requires that m; is a multiple
of 2. We initially included all anisotropies up to iy = 9, I, = 9, and [ = 18, resulting in
2125 expansion functions. We then selected iteratively all significant terms using a Monte
Carlo error estimator, as defined in Ref.*?, resulting in a final set of 341 expansion functions
with anisotropies up to l; = 9, ls = 9, and [ = 17. The root mean square (rms) residual,
shown on Fig. 3, was found to be lower than 1 cm™! for intermolecular distances larger

40

than R = 5.5 bohr. The corresponding mean error® on the expansion functions vy, m,,i1(R)

1

is smaller than 0.9 cm™'. At shorter distances, the rms residual increases steeply due to

the large anisotropy of the PES. In the region of the global minimum (R ~ 5 bohr, see
below), however, the rms residual remains below 10 cm™', i.e. the accuracy of the fit
is better than 1%. A cubic spline radial interpolation of the vy ,,,1(R) coefficients was
finally employed over the whole intermolecular distance range (R = 3 — 30 bohr) and it was
smoothly connected to standard extrapolations (exponential and power laws at short- and
long-range, respectively) using the switch function defined in Ref.?, see their Eq. (10). The
largest expansion functions are represented in Fig. 3. We note that the dipole-dipole term
(v1012(R) o< R73) was found to strongly dominate at long-range, as expected. The whole
procedure builds a FORTRAN routine providing the interaction potential and the (continuous)
radial expansion functions suitable for bound-states as well as scattering calculations. A

subroutine of the PES is provided as supplementary material.

The global minimum of the 5D PES is represented in Fig. 4. It corresponds to the
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Figure 3. Plot of the rms residual of the fit, of the angular average of the HoO-HF PES and of
the largest long-range expansion functions vy, ;,,1,1(R) as a function of the intermolecular distance
R in the range 3 — 10 bohr. The expansion coefficients v1912, v1923 and w9913 correspond to the

dipole-dipole, dipole-quadrupole and quadrupole-dipole interaction terms, respectively.

Figure 4. Configuration of the HoO-HF complex corresponding to the global minimum.



structure with R = 4.99 ag, 6, = 51.4°, ¢; = 90°, 0y = 54.8°, and s = 90° in which
a hydrogen bond is formed with the water molecule acting as proton acceptor. The close
equilibrium values of #; and 65 indicate that the HF molecule is almost along the vector
R. The non-planar (Cy symmetry) equilibrium geometry of the complex HyO-HF is well

5

established, both experimentally based on an analysis of the microwave spectrum®, and

theoretically using methods such as second-order perturbation theory or coupled cluster!®2°.
The depth of the well at the global minimum as deduced from our fit is D, = 3059.08 cm ™!
(8.75 kcal/mol), which is in good agreement with recent calculations performed by Sexton
et al.?0 with the MP2 (8.70 kcal/mol) and CCSD(T) methods with large basis sets (8.71
kcal/mol) and by Boese et al.!” at the CCSD(T) level (8.69 kcal/mol). A value of 8.51
kcal /mol was obtained by Halkier et al.!6 by extrapolating CCSD(T) results to the basis set
limit with the monomer fragments frozen at the experimental equilibrium geometry while
in the present work we used the vibrationally-averaged geometries. The dissociation energy
is within error bars of the value D, = 7.17 4 1.7 kcal /mol determined by Thomas® based on
the infrared spectrum of the complex. On the other hand, as discussed in Ref.?’, there is a
large discrepancy with the experimentally determined value of D, = 10.25 4 0.2 kcal /mol®

derived from the intensities of rotational transitions. The experimental values of D, were

determined from the zero-point energy Dy, which will be discussed in Sec. III.

A low barrier to planarity (f; = 6, = 0) exists. Due to the symmetry with respect to the
x121 plane containing HyO, this leads to a double well potential. The height of the barrier
has been estimated from experimental data to be 126 £ 70 cm™'®. In our PES the saddle

point occurs for a distance R = 5.05 ag with an energy of —2920.9 cm™!

, corresponding to
a barrier height of 138 cm™!. This small barrier height compared to the dissociation energy
indicates that the hydrogen bond in the formation of the complex HoO-HF is only weakly
directional and the planar structure can be reached easily. The potential is also attractive
for the configuration in which the HF monomer acts as a hydrogen bond acceptor, but there

is no associated local minimum in the potential.

Fig. 5 shows two-dimensional contour plots of our 5D PES for the HoO-HF complex
when the other coordinates are fixed to their equilibrium value. The potential is seen to be
attractive for a large region of angular space. The strong anisotropy displayed by the PES
(as also illustrated by Fig. 3) suggest that rotational (de-)excitation of HF in collisions with
H,O will be efficient.



9, (deg)

H
[{e] o
0o

0 30 60 90 120 150 180 0 3 60 90 120 150 180
6, (deg) 0, (deg)

Figure 5. Cuts of the 5D PES V (R, 01, ¢1,02,¢2). Each panel presents a two-dimensional PES
while the other coordinates are fixed to the equilibrium values in the complex. Upper left panel:
R =4.99 ag, 05 = 54.8°, o = 90°; Upper right panel: R = 4.99 ag, 01 = 51.4°, ¢; = 90°; Lower
left panel: 1 = 90°, 02 = 54.8°, o = 90°; Lower right panel: 6; = 51.4°, @1 = 90°, o = 90°. The

energy is in cm ™.

III. BOUND STATES

The bound states calculations of the HyO-HF complex were carried out using the varia-
tional approach that has been employed to treat other water-containing complexes such as
H,O0-Hy*, Hy,O-CO?42 and H,O-Ne*344, The Hamiltonian of the complex is diagonalized
in a basis consisting of products of angular and radial functions. The angular functions are

obtained from the eigenfunctions of the two monomers. For H,O, those are described by the
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rotational quantum number j; and the pseudo quantum numbers k, and k., corresponding
respectively to the projection of j; along the axis of the smallest and largest moments of in-
ertia, while for HF, we used spherical harmonics functions that are labeled by the rotational
quantum number j,. To compute the bound states, the angular basis set was truncated to
J1 < 11 and 75 < 14. Wigner D-functions were used in the basis for the overall rotation of
the complex. The radial functions are contracted discrete variable representations. We used
a radial basis of 20 functions over a grid of distances of 233 points in the range R = 3.5 — 20
ag. The ground vibrational state experimental values were used for the rotational constants
of H,O (A = 27.8806 cm™!, B = 9.2778 cm™!, C' = 14.5216 cm™!), and HF (B = 20.5567
cm™!), along with the atomic masses of H (1.007825 u), 90 (15.994915 u), and F (18.9984
u).

The Hamiltonian for the dimer is more conveniently expressed in body-fixed (BF) coor-
dinates, in which the z axis is along the vector R. The new angular coordinates are denoted
as 0(Hy0), the angle between the symmetry axis of H,O and the vector R; (HF), the angle
between the HF axis and the vector R; x(H20), the angle of rotation of HyO around its
symmetry axis; and ¢, the dihedral angle between the plane through R and the HyO sym-
metry axis and the plane through R and the HF axis. In these coordinates, the equilibrium
geometry of the complex is #(H,0)= 51.4°, §(HF)= 3.4°, x(H20)=90°, and ¢ = 180°. The
small value of §(HF) means that the HF axis is close to being parallel with the vector R, as
discussed above. The saddle point in the PES occurs for #(H,0)= §(HF)= ¢ = 0°.

The calculations make use of the molecular symmetry group G4, the same as for HyO,
which has four irreducible representations. These correspond to distinct nuclear spin isomers:
the two irreducible representations A and A7 of the group have weight 1 and correspond to
para—H,0 (hereafter pH,0), while the irreducible representations A3 and A; of the group
have weight 3 and correspond to ortho—HyO (hereafter oH50). In addition to the total an-
gular momentum .J, the projection K of the total angular momentum on the intermolecular
axis R can also be used to label the levels. We computed the bound states of the complex
for total angular momentum values J = 0 — 2. Using the angular basis set described above,
the energies of the levels are expected to be converged to within 0.05 cm™!, while the energy

differences are converged to better than 0.01 cm™!.

The ground state of the pHyO-HF complex is a ¥ (K = 0) state with an energy of -
2079.6 cm~! that correlates to the (ji, kg, k.) = (0,0,0) level of HyO. On the other hand,
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the ground state of the oH,O-HF complex is a IT (K = 1) state with an energy of -2065.6
cm ™!, which is higher than the ground state energy of pH,O-HF by only 14.0 cm™!. Since
this level correlates with the ground state of the ortho-HoO monomer, which has rotational
quantum numbers (i, kg, k) = (1,0,1) and an energy of 23.80 cm™!, the dissociation energy
of oHyO-HF is Dy= 2089.4 cm™!, making the oHyO-HF complex slightly more stable than
the pH,O-HF complex with Dy = 2079.6 cm™!. The difference between the dissociation
energies of the ortho and para HyO-HF dimers is thus only 9.8 cm™t.

These dissociation energies of Dy = 2089.4 cm™! (5.97 keal/mol) for oH,O-HF or Dy =
2079.6 cm™! (5.95 kcal/mol) for pH,O-HF agree well with the theoretical value of 6.01
kcal/mol obtained by Sexton et al.?® from CCSD(T) computations with an AV5Z basis
set and anharmonic effects evaluated with second-order vibrational perturbation theory.
Good agreement is also found with the experimental value of Dy = 6.21 £ 1.20 kcal/mol
derived by Thomas®. On the other hand, there is a large discrepancy with the experimental
value of Dy = 8.20 4 0.07 kcal/mol obtained by Legon et al.’) as already discussed in
Refs.!'®20, This in turn leads to a discrepancy on the energy of the global minimum D, (see
above), since experimentally the value of Dy was used to determine D,. Ab initio methods
are able to accurately describe the dissociation energies of the related dimers (HyO)y and
(HF)o2%% which gives confidence in the calculated dissociation energies. The D, and D,
values obtained in the present work suggest that the zero-point energy associated with the
intermolecular vibrations and internal rotations accounts for more than 30% of the binding

energy.

The first excited state of pH,O-HF is located about 55 cm ™! above the ground state and

I above the

has A character, while a second excited state of II character is present 90 cm™
ground state. On the other hand, the first excited state of oH,O-HF is a X state with an
energy of 79 em~! above the ground state. In addition to the energies, for the ¥ and II
states we report in Table I the value of the rotational constant By obtained from the energy
difference between the J = 1 and J = 0 levels (¥ states) or J = 2 and J = 1 levels (II
states) and assuming a linear structure. We find a similar value in the range 0.235 — 0.239
cm ! for all states. These values agree very well with the experimental value for the average
rotational constant B,, = (B+ C)/2= 7202+0.1 MHz%, or 0.240 cm™', which demonstrates
the accuracy of the present potential energy surface. As displayed in Table I, the II states

possess two e and f components that are almost degenerate. The splittings between the
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State Energy (cm™!) By (em™1)

pH,O-HF v 0 0.2362
AT 55.35
A€ 55.35
I/ 90.07 0.2374
I1¢ 90.07 0.2389
oH,O-HF I1¢ 14.00 0.2351
I/ 14.00 0.2371
» 78.92 0.2383

Table I. Lowest bound states for pHoO-HF and oHyO-HF for J = 0 — 2. The energies are given in

cm~!. The origin is set at the energy to that of the lowest bound state, —2079.6 cm™!.

two components are only 0.0030 cm~! and 0.0039 cm~! for the II states of pH,O-HF and
oH,O-HF, respectively. It should be noted, however, that the e and f components have
different rotational constants.

A more detailed picture can be established by examining the wavefunctions corresponding
to the lowest bound states reported in Table I. Fig. 6 displays four two-dimensional cuts of
the wavefunction of the ground (X) state of pH,O-HF. The plot of (H50) vs x(H50) shows
that for x(HoO)= £90°, the wavefunction has a maximum at #(H,O)= 0 and not at the
position of the global minimum of the PES, §(H,O)= 51.4°. However, the wavefunction of
the ground state is rather delocalized over the two equivalent equilibrium structures, with
maximum amplitude at the saddle point of the PES. For x(H,O)= 0°, the wavefunction
peaks again at §(H,O)=0 but it is much more localized. The plot of (H50) vs (HF) shows
again that the wavefunction is rather delocalized, with a maximum amplitude close to the
saddle point. On the other hand, the plot of #(HF) vs ¢ demonstrates that the wavefunction
is very delocalized in the torsional angle ¢.

Fig. 7 displays plots of the ground (II) state of 0H,O-HF, which has two components e
and f. The wavefunction of the I1/ state is shown in the upper-left, upper-right, and lower-
left plots. The plot of §(H20) vs x(H20) shows that the wavefunction has a maximum at
X(Hy0)= £90° and a node at x(HO)= 0. As in the case of the ground state of pH,O-HF,

it is delocalized over a wide range of values of #(H,0) but has the largest amplitude at the
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saddle point of the PES, 6(H20)=0. Moreover, the plots of (H,0) vs (HF), (HF) vs ¢,
and ¢ vs R (not shown) are very similar to those displayed in Fig. 6. The lower-right plot
of Fig. 7 shows a 6(H20) vs x(H20) contour plot of the wavefunction of the II¢ state. It
presents a maximum at x(HyO)= 0 and a node at x(H2O)= £90°. As for the two other
discussed wavefunctions, the maximum amplitude occurs at §(HO)= 0, but in this case the
wavefunction is much more localized. We do not present other plots of the 1I¢ state since
the wavefunction has a node at the equilibrium value y(H,O)= 90°.

Finally, we note that Kisiel et al.® used the rotational spectrum of the complex to study
the out-of-plane bending mode of the complex. They determined the energy of the first
excited vibrational state of the bending mode to be 64 4= 10 cm™!. In our calculations, this
state corresponds to the lowest ¥ state of oH,O-HF, which has an energy of 64.92 cm™!
above the ground state of oH,O-HF (or 78.92 cm™! above the ground state of pH,O-HF),
in excellent agreement with the experimental value. A 6(H,O) vs §(HF) contour plot of

the wave function of this state is presented in Fig. 8, illustrating the antisymmetry of wave

function with respect to #(H2O)=0 where the barrier to the out-of-plane motion is located.

IV. CONCLUSIONS

We have reported the first five-dimensional (rigid rotor) potential energy surface for
the HyO-HF complex, obtained through accurate ab initio calculations by means of the
CCSD(T)-F12a method and an aug-cc-pVTZ basis set. The global minimum of the com-
plex corresponds to a non-planar geometry with HF acting as a hydrogen bond donor, in
good agreement with literature data. The binding energy was found to be 3059.1 cm™! (8.75
kcal/mol), which is consistent with previous theoretical calculations performed using various
theoretical approaches and with the experimental value of Thomas®, but in discrepancy with
the experimental value of Legon et al.®. The barrier to planar geometry was found to be
138 cm~!. The PES has been fitted to an analytical expression, and employed in variational
bound states calculations. The ground state of the complex is a ¥ state for pH,O-HF with
a dissociation energy Dy = 2079.6 cm™! (5.95 kcal/mol), while for oH,O-HF it is a II state
with Do= 2089.4 cm™! (5.97 kcal/mol). The rotational constants associated to the bound
states reported in this work were also obtained, and agree well with the available microwave

data. The agreement between theory and experiment on rotational transition energies gives
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Figure 6. Wavefunction contour plots for the ground (X) state of pHoO-HF. The coordinates not
shown in the contour plots are fixed at their equilibrium values except §(HF) which is fixed to
0° and the intermolecular distance R at 5.1 ag, corresponding to the maximum amplitude of the

wavefunctions.

confidence in the approach used in the present work. The discrepancy between the val-
ues of D, and D, determined experimentally®% demonstrate the need for complementary
measurements on the HoO-HF complex. An analysis of the wavefunctions shows that the
ground state of each symmetry has a maximum amplitude at the saddle point of the PES,

61 = 0, and not at the equilibrium value 6; = 51.4°, with a strong dependence on the angle
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Figure 7. Wavefunction contour plots for the ground (II) state of oHoO-HF. The coordinates not
shown in the contour plots are fixed at their equilibrium values except 6(HF) which is fixed to
0° and the intermolecular distance R at 5.1 ag, corresponding to the maximum amplitude of the

wavefunctions. The upper-left, upper-right, and lower-left plots are for the II/ state, while the

lower-right plot is for the I1¢ state.

of rotation of HyO around its symmetry axis.

Despite the formation of a hydrogen bond in the complex, the rigid monomer approxi-
mation is valid, as demonstrated by (i) the good agreement obtained for the position and

energy of the global minimum of the PES between our and previous calculations based on
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Figure 8. Wave function contour plot for the first excited state of the out-of-plane bend of the
complex. The intermolecular distance R and the angle y(H20) are fixed to values of 5.1 ag and

90°, respectively.

geometry optimization; and (ii) the good agreement with available experimental microwave
data.

Since the fit of the present PES covers both the short-range and the long-range region,
it can be used not only for bound states calculations but also to investigate the dynamics
of HyO-HF collisions. Such collisions are of importance in cometary atmospheres where
H50 is the most abundant molecule and HF is the main reservoir of fluorine. The study of
HF in comets can also provide information about fluorine in dense molecular clouds which
are progenitors of solar system analogues. Exploring the dynamics of HyO-HF collisions
will likely require the use of approximate methods similar to what has been done for HyO-
CO*47  as fully quantum-mechanical techniques are computationally prohibitive for such

systems.

SUPPLEMENTARY MATERIAL

A Fortran subroutine of the potential energy surface is available as supplementary ma-

terial.
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