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The thesis is concerned with the derivation of anisotropic
intermolecular potentials from experimental data. For the rare gas -
hydrogen halide systems the most useful experimental results are those
from molecular beam rotational spectra of van der Waals complexes and
from pressure broadening of hydrogen halide rotational spectra by rare
gases. Intermolecular potentials for the Ar.HCl system had previously
been obtained from each of these experiments separately, but none of the
potentials proposed succeeded in reproducing all the available data.

- In the present work, improved theoretical methods are developed for
the calculation of molecular beam spectra and line broadening cross
sections from a proposed intermolecular potential. The methods developed
are substantially faster than those previously available, allowing their
use in a least squares procedure to determine potential parameters.
Several possible parameterisations of the intermolecular potential are then
considered for Ar.HCl, and least squares fits of potential parameters to
experimental results are performed for this system. Measurements of total
differential cross sections and second virial coefficients are included in
the least squares fits, in addition to the experiments mentioned above.
The experimental data demonstrate conclusively that the equilibrium geometry
of Ar.HCl is linear, with the atomic arrangement as written. The equilibrium
intermolecular distance is 400+3 pm, with an absolute well depth of 180%10
cm !. The only feature of the potential which is not well determined by the
experimental results is the behaviour around the linear Ar.Cl-H geometry.

The results for Ar.HCl are then extended to the systems Ne.HCl1l, Kr,HC1
and Xe.HC1l, allowing the dependence of the intermolecular potential on the
rare gas to be considered. The molecular beam spectra for Ne.HCl can be
fitted only by a potential with a secondary minimum at the linear Ne.Cl-H
geometry, in addition to the primary minimum at the linear Ne.H-Cl geometry.
The experimental results for the other rare gas — HCl systems are not very
sensitive to this feature of the potential, and the potentials for these are
constrained to be similar to that for Ne.HCl in this region. The potential
surfaces for all the rare gas — HCl systems have similar shapes, and appear
to be nearly conformal.

Finally, intermolecular potentials are obtained for the systems Ax HF,
Kr.HF and Xe.HF from molecular beam spectra. The experimental data for
these systems are less extensive than for the HCl systems, and the potentials
obtained are reliable only in the region of the absolute minimum. The HF
systems are considerably more anisotropic than the HCl systems, and it is
suggested that this is principally due to greater induction forces in the
HF systems. Experiments are suggested which would provide further
information on the intermolecular potentials for both HF and HCl systems, and
predictions of the results are made using the current best fit potentials.
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CHAPTER 1

INTRODUCTION

A knowledge of intermolecular forces is important in many areas
of chemistry. The physical properties of solids, liquids and dense
gases depend sensitively on the intermolecular forces involved, and such
forces afe also important in the early stages of chemical reactions.
However, although much is known about intermolecular forces in
isotropic systems such as the rare gas atom pairs, reliable anisotropic

intermolecular potentials are available for very few systems.

The purpose of the present work 1s to investigate intermolecular
forces in atom-diatom systems, which provide the simplest examples of
anisotropic interactions. In particular, anisotropic potentials will
be obtained for several rare gas - hydrogen halide systems, using all
available experimental information. The most detailed information on
the potential energy surfaces is obtained from molecular beam spectra
of van der Waals complexes, but information from gas imperfections,
rotational relaxation phenomena and molecular beam scattering is also
included where available. The rare gas - hydrogen halide systems are
much more anisotropic than the rare gas — H, systems investigated by Le
Roy et al. [1], but it is shown that the bonding in these systems can
be adequately explained without invoking incipient chemical bonding as

suggested by Klemperer [2].

Before proceeding to the methods used to determine potential
energy surfaces in the present study, a brief review of previous work
in the field will be given. More comprehensive descriptions can be
found in a recent book on intermolecular forces by Maitland et al. [31,
and in revigws by Le Roy and Carley [4 Jand Loesch [5] on methéds for

determining anisotropic intermolecular forces.



1.1 Isotropic systems

Experimental information on van der Waals forces between atoms has
been available for a long time, and reliable potential curves are now
available for many systems. The earliest attempts to determine such
potentials made use of deviations from ideal behaviour in gases;‘ in

particular, the second virial coefficient B(T), defined by

2= 1 + nB(T) + nzC(T) s S
nRT

is related to the intermolecular pair potential V(R) by the expression

o ,

B(T) = 27N [ [1-exp(—V(R)/kBT)] R® dr

o .

where N is the Avogadro number and kB is the Boltzmann constant. At low
temperatures the second virial coefficients are determined mainly by the
potential well, and at high temperatures by the excluded volume (i.e. by
the repulsive well of the potential). Methods for the direct inversion
of second virial coefficients to obtain potential curves have recently
been developed [6], although these require high quality experimental

information over a wide temperature range.

Gas transport properties, particularly viscosities, have also been
used extensively as a source of information on intermolecular potentials.
At high temperatures, viscosities are again sensitive to the repulsive
wall of the potential, but at low temperatures they are dominated by the
long range attractive region. Methods for the direct inversion of viscosity
measurements are available [7], and work well for simulated data. As
for second virial coefficients, howéver, the potential recovered is very

sensitive to systematic errors in the experimental data, so that very high



quality data are required to obtain a reliable potential curxve.

Molecular beam scattering results have also provided a rich source
of information on intermolecular forces. If fully resolved differential
cross sections are observed, showing both rainbow and diffraction
oscillations, it is possible to recover the potential by direct
inversion [8], and an iterative inversion method is sometimes also
feasible when there are no rainbow oscillations [9]. Potentials obtained
from inversion of differential cross sections are less susceptible to
systematic errors than those obtained from measurements of thermophysical
properties, since potential information is extracted from the structure
of the differential cross sections rather than from exact numerical

values of gas phase properties.

Differential cross sections at a resolution high enough to permit
direct inversion are available for only a few systems; more commonly,
rainbow oscillations are resolved but the fast diffraction oscillations
are not. Under these circumstances, limited information on the
potential is still available, and is usually obtained by fitting the
parameters of an assumed potential form to the experimental data; To
a first approximation, the rainbow angle determines the well depth €,
while the positions of. supernumary rainbows determine the position of
the minimum Rm. Useful information is also available from glory
oscillations in the integral cross sections, which allow the product

eRm to be determined.

Spectroscopic information has long been an important source of
information on potential curves for chemically bound diatomic molecules,
and has recently been applied to intermolecular potentials also. The
van der Waals well between a pair of atoms is almost invariably deep

enough to support bound vibrational states, and vibrational and



rotational spectroscopic constants for these bound states may be
inverted to yield a potential curve using the RKR method [10]. This

is probably the most reliable method of obtaining intermolecular
potentials for atom-atom systems, but at present it is limited by the
lack of experimental data. The only rare gas dimer for which such
rotationally resolved spectra are available is Ar, [11]; however, high
quality data on other rare gas pairs are likely to become available over
the next few years. If only vibrational levels are resolved, as 1is the
case at present for Kr, and Xe,, one of the RKR equations may still be
applied to obtain the well width as a function of energy, and this

provides a useful constraint in interpreting other experimental data [12].

Ab initio calculations of intermolecular forces have not yet
achieved accuracy comparable with experimental determinations, except for
systems of very few electroms, such as He.H, [13]. The method usually
used is the "supermolecule' approach, in which the total energy of the
separated molecules is compared with the energy of the "supermolecule"
formed by the interacting species at a finite separation. This method

has three major drawbacks:

1) The intermolecular energy is very small compared to the total
electronic energy, except‘iﬁ the strongly repulsive region , so that

small errors in the individual total energies can have a large

effect on the calculated energy of interaction.

2) The calculated interaction energy is often very strongly dependent
on the basis set used for the calculatipns, since the basis
functions reqﬁired to describe the wavéfunction of the supermolecule
are not necessarily the same as those needed for the component
monomers. ''Basis set superposition error" arises when orbitals on

one submolecule compensate for deficiencies in the basis set of the



other, giving an anomalously low energy for the supermolecule and
a correspondingly large binding energy. Conversely, 'basis set
truncation error' arises when basis functions necessary to
describe the intermolecular interaction are absent from the basis
sets used for the monomers. Both these sources of error may be
reduced using the counterpoise method [14], but they are still a

major source of inaccuracy.

3) Attractive intermolecular forces are dominated by dispersion forces,
which do not appear in self-consistent field (SCF) calculations.
Extensive configuration interaction is required to account for the
diSpersion‘forces accurately, and this is computationally very
expensive.

The supermolecule approach is thus not adequate except for systems of

very few electrons or in the highly repulsive region of the potential.

More success has been achieved with perturbative methods for very
long range and very short range forces, but such methods are generally
not adequate in the region of the potential well. Semiempirical methods
have been very successful in calculating the coefficients éf the long
range attractive terms in atom-atom potentials. Long range C6
coefficients, for example, may be accurately estimated using sum rules
for dipole oscillator strengths [15], and similar methods have also been
applied to C8 and C10 coefficients [16]. One semiempirical approach
which has proved very useful is to represent the potential as the sum
of an SCF repulsion and a damped dispersion series [17], modelling the
higher order dispersion and exchange forces on the known behaviour in
the 3Z:state of the H,. Douketis et al. [18] have obtained excellent
results for several fare gas pairs using this approach, and similar

methods have recently been applied to the weakly anisotropic rare gas -



H, systems [19]. However, no success has yet been achieved for more

strongly anisotropic systems of the type considered here.



1.2  Anisotropic systems

As seen in the last section, theoretical methods for determining
isotropic intermolecular fdrces from experimental data are well
developed, although many direct inversion methods require data better
than are currently available. For anisotropic systems, howevef, the
situation is much less satisfactory, from the point of view of both

experimental results and theoretical methods.

1.2.1 Thermophysical properties

For anisotropic systems, thermophysical pfoperties do not provide
enough information to determine the complete potential surface,
although it is still possible to recover an effective isotropic
potential from the experimental results. Smith et al. [20] have
inverted simulated second virial coefficients, viscosities and self-
diffusion data for a model anisotropic potential resembling NzoNz, and
recovered an effective isotropic potential which was about 15% deeper
than the true spherically averaged poténtial. The potentials recovered
from the three different properties studied were strikingly similar,
raising the interesting possibility of an effective isotropic potential
capable of.reproducing a wide range of thermophysical properties.
Further work is required to establish in what way this effective

potential curve is related to the full anisotropic potential surface.

1.2.2 Molecular beam scattering

In the case of molecular beam scattering results, the presence of

anisotropy tends to damp out rainbow and diffraction oscillations in the



total differential cross sections [21], so that it is difficult to
obtain even an effective isotropic potential with ény accuracy; it is
not possible to obtain quantitative information on the potential
anisotropy from total differential cross section data [22]. Fully
resolved state-to-state inelastic differential cross sections.would
contain the necessary information, but are not yet experimentally
accessible for most systems, and are also very difficuit to invert.
Gerber et al. [23] have .recently proposed.a direct inversion method for
state~to-state cross sections, but theilr method assumes a two state
model and uses the exponential distorted wave approximation, so that it
is applicable only to systems in which the inélastic’scattering is weak
and the.rotational energy spacing is large. The method has been used to
obtain an anisotropic intermolecular potential for Ne-D, [24], but for
more strongly anisotropic systems, such as those containing the hydrogen
halides, neither the experiment nor the inversion procedure is feasible,
so that it seems unlikely thét differential cross section results will
provide reliable potential energy surfaces for such systems in the

immediate future.

Useful information has also been obtained from integral cross
sections for anisotropic systems. Zandee and Reuss [25] have inveétigated
integral cross sections for scattering of oriented H, molecules by rare
gas atoms: ortho-hydrogen in the j =1 state was state-selected using
an inhomogeneous magnetic field, and the difference in integral cross
sections for molecules in the m=0 and m=1 states was measured.
Experiments were carried out over a range of collision energies, allow-
ing information to be extracted on the anisotropy at both long and short
range. Similar work has been reported for the rare gas - NO systems,

using electrostatic state selection [26], but extension of the method to



molecules whose rotational ground state is nondegenerate is likely

to be difficult.

1.2.3 Rotational relaxation phenomena

Although high quality molecular beam measurements of inelastic
processes are very difficult to obtain, there are a number of experi-
ments which measure rotationally inelastic collisions in bulk gases.
Some of the most important of these are
1) Pressure broadening and shifting of spectroscopic lines
2) NMR spin-lattice and‘spin—SPin relaxation times
3) Sound absorption measurements.

These effects depend sensitivcly on the anisctropy of the intermolecular
potential, and are zero for isotropic potentials, so that they are well
suited to determining potential anisotropies. The exact quantum
mechanical calculation of rotational relaxation phenomena for a

proposed potential surface is computationally very expensive [27], but
progress has recently been made with approximate methods [28]; these
will be discussed in mofe detail in chapter 2.

Rotational relaxation phenomena in atom-diatom systems provide
information mainly on the anisotropy of the repulsive wall of the inter-
molecular potential. Schafer and Gordon [27] have used experimental
results of this type to determine a potential surface for the He:H,
system, where the potential well is very shallow. However, as will be
seen in chapter 3, Ar-HCl potentials obtained from relaxation déta alone
were seriously in error in the region of the attractive well; it
appears that relaxation data do not usually contain enough information
to determine the anisotropy of the well region in atom-diatom systems.

This may be contrasted with the situation in diatom-diatom systems,
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where there are long range electrostatic forces, and linewidth
measurements have frequently been used to determine molecular multipole

moments [29].

The most useful relaxation experiment is usually the measureﬁent
of spectroscopic lineshapes, since this allows the investigation of
inelastic processes involving specific rotational states. NMR
relaxation times and sound absorbtion measurements involve an additional

average over rotational states, and so provide less detailed information.

1.2.4  Spectroscopic studies

Van der Waals complexes are also formed between nonspherical
molecules, but the interpretation of their spectra is much less
straightforward than in the spherical case. Most work on anisotropic
systems has been on atom—diatom complexes, in which only a single
angular coordinate is required to describe the relative orientation of

the interacting species.

1.2.4.1 Infrared spectroscopy

The most thorough spectroscopic studies of van der Waals complexes
have been those of Welsh and coworkers [30] on Ar-H, and the rare gas -
H, series. These complexes have the major advantage that the
fundamental mode of the isolated H, molecule is electric dipole for-
bidden, so that only pressure induced and’electric quadrupole transitions
cf the monomer obtrude; and these are of intensity éomparable to the
spectrum of the complex. Welsh worked at temperatures around 85K, to

increase the complex concentration, and found that pressures around
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1 Atm or below were necessary to reduce pressure broadening to
acceptable levels. Under these conditions, an absorbtion path 1ength.
of 165m was used, with a multipass absorbtion cell. Considerable
fine structure due to rotational excitation of both the H, sub-
molecule and the Ar-H, complex was observed. Le Roy-ét al. [1] and
Dunker and Gordon [31] have used these spectra to obtain anisotropic
potential energy surfaces. The anisotropy in the well region (mficmfl
for Ar-H,) is small compared to the rotational constant of H, Cb60cmfd),
so that there is nearly free rotation of H2 within the complex, and

the H, rotational quantum number is nearly a constant of the motion.

The rare gas — H, potentials are the most accurately known of any

anisotropic intermolecular potentials.

A somewhat different type of atom~diatom complex is exemplified by
Ar-N,, which has aiso been studied by long path length infrared spectros-
cdpy [32]. 1In this complex, the anisotropy in the well region is large
compared to the rotational constant of N, CbZOcmrl compared with 2cm71),
so that the complex in its ground state is best considered to be
undergoing torsional oscillations about a T-shaped geometry. In
excited states correlating with rotationally excited N,, the motion is
again better described as a hindered rotation. vThe observed spectra
for Ar-N, are at a much lower resolution than.those for the H, complexes;
the height of the barrier to rotation of N, in the complex has been
estimated assuming a simple sinusoidal model for the potential [32],
but a detailed analysis analogous to those for the rare gas - H,

complexes 1s not possible.

Infrared spectroscopy on van der Waals complexes containing polar

molecules is experimentally more difficult, since there is usually a
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strong monomer absorbtion which obscures the spectrum of the compléx.
Spectra of Ar-HCl and other rare gas — hydrogen halide complexes [33]
have been observed in the "windows' between hydrogen halide
vibration-rotation lines, but are not sufficiently detailed to allow

a full interpretation. However, molecular beam techniques may make it
possible to observe such spectra at much higher resolution, when they

would provide valuable information on potential energy surfaces.

1.2.4.2 Microwave and radiofrequency spectroscopy

Microwave spectra of hydrogen bonded van der Waals complexes have
been observed in the gas phase [34], but for less strongly bound
complexes it has not yet been possiblevto achieve the necessary
sensitivity. However, microwave and radiofrequency spectra of many
complexes have been observed in molecular beams [35-39], and these
spectra provide the most important source of information for the present
work. A supersonic nozzle beam provides an ideal environment for

observing weakly bound complexes for several reasons

1)  Gases undergo considerable cooling in a supersonic expansion,.and
translational temperatures of a few degrees Kelvin are easily
achieved. Rotational and vibrational temperatures are usually
somewhat higher than this, but the low temperatures nevertheless

lead to the formation of large amounts of van der Waals complexes.

2) Once past the expansion region, the molecular beam is essentially
collision—-free, so that the initial cdoncentration of complexes is

maintained into the region where spectra are observed.

3) Doppler broadening of spectroscopic lines can be virtually elimin-

ated if spectra are observed perpendicular to the direction of
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motion of the beam.

Several techniques have been used to obtain rotational spectra of
van der Waals compleies in molecular beams; the most important of these
for the present work are molecular beam electric resonancel(MBER)
spectroscopy [35] and pulsed Fourier transform (PFT) spectroscopy. [36].
Both of these methods give rotational spectra of van der Waals
complexes in their ground vibrational states, but it has not yet proved
possiblé to obtain spectra of molecules in vibrationaliy excited states.
The resolution obtainable with MBER spectroscopy (V2 kHz) is rather
higher than that obtained by PFT spectroscopy (V6 kHz), and MBER
spectroscopy has the additional advantage that Stark induced radio-
frequency transitions may be observed; these provide valuable informa-

tion on the dipole moments of van der Waals complexes.



14.

1.3 Interpretation of rotational spectra

The rare gas - hydrogen halide complexes (collectively Rg-HX) all
have linear equilibrium geometries, although they undergo wide
amplitude bending motion even in their vibrational ground states.

The coordinate system used is shown in figure 1. The vector from the
halogen nucleus tc the hydrogen nucleus is denoted r, that from the
diatom centre of mass to the rare gas nucleus is R, and the angle
between R and r is 6. The length of R is denoted by R. Throughout this
thesis, the approximation is made that there is no coupling between the
low frequency van der Waals vibrations and the stretching vibration of
the diatomic molecule; in effect, the diatomic molecule is treated as

a rigid rotor. The a-inertial axis of the complex lies very close to
the R vector; the anglé between the a axis and the r vector is denoted

Y, but for most purposes Y and © indistinguishable.

CENTRE OF MASS
~ _ OF COMPLEX

S’

CENTRE OF MASS
“0F DIATOM -

Y ~ — o
= a-principal
axis

Figure 1.

The energy levels of Rg-HX complexes are most conveniently
considered to be those of linear molecules with low frequency bending

and stretching modes, although the excited states concerned are not
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observed in the microwave region. The rotational energy levels are

characterised by simple linear molecule expressions
2
E(J) = E(J=0) + BI(J+1) - D I (J+1)

with additional structure due to nuclear hyperfine interactions.

Both the rotational constants B and centrifugal distortion
constants DJ provide important structural information, as will be seen
in chapter 3. The rotational constants provide information on the
vibrationally averaged moments of inertia of the complexes, and hence on
the equilibrium geometry, while the centrifugal distortion constants
measure how easily the intermolecular bond may be stretched by

centrifugal forces, and hence provide information on the radial

curvature of the potential near equilibrium.

The most important hyperfine Splitting.is that due to the nuclear
electric quadrupole coupling, which occurs for all nuclei with spin
I1>21; the largest quadrupole splittings in the spectra of the Rg-HX
complexes discussed here are those for Cl and Br nuclei, although small
deuterium quadrupolé splittings are also observable. None of the rare

gas isotopes considered here has a nuclear quadrupole.

The nuclear quadrupole coupling constants eQq are structurally
important because they provide information on the bending motion of the
complex in its ground vibrational state. If it is assumed that the
electronic structure of the diatomic molecule is unperturbed on complex
formation, the quadrupole coupling constant of the complex is just the
projection of the monomer coupling constant onto the a-inertial axis

of the complex

)complex )monomer

(eQq

(eQq <p,(cosy)>
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The expectation value of Pz(cosy') is essentially a measufe of the
amplitude of the zero point bending motion of the complex; it is

unity in the limit of a rigid linear complex, and zero if the potential
is completely isotropic. Since the quadrupole coupling constants for
the free hydrogen halide molecules are known, measurement of |
(eQq)complex a11ows <P,(cos Y )> to be calculated. In practice,
<P2(COS'Y)> is equated with <P2( cosf )>, since the R axis and the a-
inertial axis are almost coincident. The correction to the quadrupole
coupling constant due to the diffefence between these two axes is
calculated in chapter 2 and 1is found to be around 0.17, which is small

compared to the other approximations involved.

The assumption that eQq is unaffected by charge rearrangement on
complex formation may be tested for coﬁplexes of DC1 and DBr, which
have two quadrupolar nuclei. A value of <P,(cosf )> may be obtained from
each quadrupole coupling constant independently, and the two ﬁalues
should be the same if the model is valid. This comparison has been
made for several complexes [37,38], and the agreement was in all cases
within the experimental error for the deuterium coupling constant.
This verifies that the assumption of the médel is accurate-to better thaﬁ

12.

A further check on the expectation value of Pz(cose) is provided
by the nuclear spin - nuclear spin coupling constant,‘which should also-
project in this way

complex _  monomer

d d <P2(cosﬁ)>

The expectation values derived from values of d are again in agreement

to within their (rather 1argé) error limits [37]. 1In the case of the
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Ar-HF and Kr-HF complexes [39], discussed in chapter 5, the spin-spin
coupling constant provides the only measure of <P,(cos6 )>, since there

i1s no quadrupolar nucleus present.

Angular information of a slightly different type is available from
the dipole moment of the complex p. Since the dipole moment is a vector
quantity, it projects as <P, (cos8 )>, but there are also important
contributions from polarisation effects because the presence of a polar
molecule induces a dipole moment on the rare gés atom

complex m mer . .
U P = U ono <P1(cose)> + polarisation terms ,

The presence of the polarisation correction makes the expectation values
of Pl(cose ) derived from dipole moments less reliable than those of

Pz(cosﬁ) derived from eQgq.

The last important spectroscopic constant is the angular centrifugal
distortion constant D@’ which is obtained from the'centrifugal

distortion of eQq

(eQq) ; = (eQq) o + DQJ(J+ n,

<P2(cose)>J = <P2(cos6)>J + DeJ(Ji-l),

=0

D. = DQ/ (eqq)monomer ]

When the van der Waals complex rotates, the average intermolécular
distance increases, so that the anisotropy felt by the HX molecule
changes. This alters the expectation value of P,(cos6 ), so that the
observed quadrupole coupling constant depends on the total angular
momentum J. The effect is only a few parts per million in eQq, but

provides valuable information on the way in which the potential
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anisotropy changes with intermolecular distance.

Most of the van der Waals complexes considered in this thesis can
be observed in several isotopic forms, and the isotope shifts in the
spectroscopic constants provide much important information. To a good
approximation, the intermolecular potential is isotope independent, so
that isotopic substitution affects the spectra only through changes in
the reduced masses. The most important isotope effects are those
observed when DX is substituted for HX in thg van der Waals complex;
this changeé the spectroscopic constants of the complex.considerably,
since the rotational constant of the diatomic molecule is reduced
almost by a factor of 2. vThis decreases the aﬁplitude of the bending
vibration, and has a large effect on the angular expectation values as
measured by U and eQq. Spectra of HX and DX complexes thus probe the

intermolecular potential over significantly different angular ranges.

There is one case in which the change in the intermoiecular
potential with isotopic substitution 1s significant. The potentials
considered in this thesis do not depend explicitly on the HX vibrational
coordinate r, and should be interpreted as being averaged over the zero
point motion of the diatomic molecule. However, since the amplitude of
zero point motion isylower for DX than for HX, the repulsive inter-
molecular forces are expected to be smaller for deuterium complexes than
for the corresponding hydrogen complexes near the linear Rg.D-X geometry.
This will lead to a smaller equilibrium intermolecular distance in Rg.DX
than Rg-ng with a correspondingly larger rotational constant for DX
complexes than would otherwise be expected: In order to fit potential
parameters simultaneously to rotational constants for hydrogen and .
deuterium isotopic species it 1s necessary to correct for this effect,

and the procedure used for this is described in chapter 4.
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CHAPTER 2

THEORETICAL METHODS

The major part of this thesis will deal with least-squares fitting
of the parameters of potential surfaces to experimental observables,
principally those obtained from rotational spectra of van der Weals
molecules and from pressure broadening of hydrogen halide rotational
spectra by rare gases. In this chapter, the theoretical methods used
to calculate these observables from a proposed potential surface are

discussed.

2.1 Molecular beam spectra

As discussed in the Introduction, molecular beam rotational spectra
are available for the ground vibrational states of several rare gas -
hydrogen halide van der Waals complexes, and these provide the most
precise information available on the anisotropic potentials. The spectra
obtained are those of K=0 states of near-symmetric tops, which give the
appearance of linear molecules; the spectra are interpreted in terms of
a single rotational constant B, the corresponding cent:ifugal distortion

constant D., and various hyperfine parameters: of particular importance

J’
is the nuclear quadrupole coupling constant eQq, since this gives precise
information on the amplitude of the zero-point bending motion of the

complex.

A suitable theoretical method will therefore give accurate rotational
and centrifugal distortion constants and expectation values for the
vibratienal ground state of a van der Waals complex, starting from a
proposed interaction potential. Since the procedure is to be used in

performing least-squares fits to potential parameters, it is very
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important that the method is computationally fast. Several methods
have previously been used for performing calculations on van der Waals

complexes, but none of these is suitable for the present purpose:

1) Dunker and Gordon [1] have performed close coupling calculations on
Ar.HC1 using the piecewise analytic method of Gordon [2], aﬁd have
obtained rotational constants and angular expectation values for
several vibrational states. However, their method is computation-
ally very expensive, and éubsequent work [3] had also shown that

their ground state energy was significantly in error.

2) Le Roy et al. [3,4] have performed calculations on Ar.HCl using the
~same potential surface as Dunker and Gordon, expanding the total
wavefunction as a sum of products of HCl free-rotor functions with
radial functions obtained from the isotropic potential. This
method is in principle}accurate, but requires the diagonalisation
of a very large Hamiltonian matrix in the case of Ar.HCl, so that it
is computationally too expensive for use when performing least-
squares fits. Nevertheless, the results of Le Roy et al. are useful

for testing approximate methods.

3) Holmgren et al. [5] have proposed‘a method similar to the conventional
Born—Oppenheimer approximation, in which the bending and stretching
motions of the complex are factorised. This method (Born-Oppenheimer
angular-radial separation method, BOARS) will be described in some
detail below, since one of the methods used in the present work is
an extension of it. However, the BOARS method itself is not
sufficiently accurate to allow the full information content of the

spectra to be extracted.

4) Kidd et al.[6] have performed close coupling calculations for Ar.HC]

on more realistic potential surfaces than those used by Dunker and
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Gordon, using the artificial channel method of Shapiro [7]. Im its

present form, the method provides only energies, not wavefunctions,

so that angular expectation values are not available. The method is
also too expensive for the present purpose, but provides useful

results for comparison with approximate calculations.

Throughout the following discussion, the Ar.HCl system will be used
to illustrate the argument, since this is the system which has been most
ektensively studied using other computational tecﬁniques. The methods
described are, however, equally applicable to other atom-diatom
complexes exhibiting wide amplitude bending motion; in particular, they

are suitable for all the rare gas — hydrogen halide van der Waals complexes.
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non~crossing rule ensures that it uniquely labels a particular state.
In the following discussion a quantum number b is used to label bend-
ing states of a particular K in order of ascending energy. In the
limit of zero anisotropy, b correlates with j. Finally, a stretching
quantum number s labels the stretching states of the van der Waals

bond.

The remainder of this section will concentrate’on the ground bending
and stretching state of the van der Waals bond, since it is rotational
excitation of this state that is observed in MBER spectroscopy. Where
subscripts are dropped from wavefunctions and energies, they refer to
this ground state, which correlates with the j=0 rotational state of free
HCl. It is convenient to factorise out immediately all terms in the
Hamiltonian which involve the total angular momentum J; these will be
reintroduced later by perturbation theory

2 52

H=-2-% 4+ V(R,0) + bj +
211 9R? 2uR2

Y 22 T2
(J° + 37 - 23.3) . (2)

Since the end~over-end rotation of the complex can have no component
along the a-inertial axis, the operators Jz and ﬁz are equivalent.
a2

Also, because J is a rigorously good quantum number, the operator J may

be replaced by its eigenvalue J(J+1). The Hamiltonian therefore becomes

A H> 52 A A A
H=- ;;-aRz * Hbend * Hrot ¥ Hcor ' (3)
h H = V(R,0) + b + Mz(°2-2"\‘°‘)
where H_ .= , J J i, (4)

2uR2
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2
ﬁ - W°I(3+1) (5)
rot ZURZ
A 2 A A A
i o=t G35 +33) 6)

cor g2 x7x vy

The total wavefunction is now expanded in termS'oanngular functions
{¢b(6;R)} which diagonalise Hbend at each value of the intermolecular

distance R

Voo = L 0y (0,R) Xpgpr B | (7)
b ' 5 o

(B, = U PR ¢y, (85R) =0 8)

where the R-dependent eigenvalues Ug?\m) rorm a series of
effective (Born-Oppenheimer) potentials for the bending motion of the
complex. Substituting equation (7) into the rotationless total
Schrddinger equation and projecting onto ¢bvv(6;R) yields a set of

coupled differential equations for the {sz.by(R)}
b

' d
— et Ubvt(R) - EbS]XbS;b” (R) = z' (fb' 'by(R) + gbnb' (R) —) sz;b'(

2
2u dR b dR
(9)
where the matrix elements of fb,,b,(R) and gb,,b.(R) are defined by
uz % dz .
fbn bl (R) = — ¢b||(e;R) "'—‘2' ¢b, (G;R) sin O d8 (10)
2u dR
(R) = . ¢* (6;R) jl-¢ (O:R) sin O d6 Q
gb' "' U b’ 5 drR b’ ’ . .Ll)

It is in principle possible to solve these coupled differential
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equations as they stand, but the principal advantage of the adiabatic
formulation lies in the availability of approximate solutions, which are
computationally very much easier to obtain. The simplest of these is
analogous to the ordinary Born-Oppenheimer approximation, and is
obtained when all the terms on the right hand side of equation (9) are
neglected. The total wavefunction is then a simple product function

BO _ i BO | |
Yrg = ¢ (O3R) % (R (12)
where the stretching wavefunction is an eigenvalue of the one dimensional

Schrodinger equation

_W* a* , . BO,.. _ .BO| BO, . _
——* U "(R) ~ E_ | % (R =0. (13)

This is the lower-bound BOARS approximation of Holmgren et al. For the
ground state, Egg provides a lower bound to the true energy EOO’
provided the basis set used in solving equation (8) is complete.

At the next level of approximation (adiabatic approximation [5]),
the diagonal term from the right hand side of equation (9) is included,
but all off-diagonal terms are neglected. This still yields a solution

where the total wavefunction is a single product function, but the

stretching wavefunction is defined by

2
A
£, Me - Mw =0 (14)

2U dr? b “bs

where the adiabatic potential is given by

_Ad BO
w4 ®) = UOMR) - £, ®R) (15)
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The correction term —fbb(R) is always positive (see section 2.1.1.2
below), and the adiabatic approximation in fact provides an upper bound

to the true ground-state energy.

The Born-Oppenheimer and adiabatic approximations for the ground |
state of Ar.HCl were considered by Holmgren et al., who showed that
they provided reasonable estimates of the ground state energies and
properties of Ar.HC1 and Ar.DCl. Nevertheless, the effects of the
neglected terms (“'non-adiabatic" terms, ﬁha) are considerably larger than
the experimental uncertainties, and it is preferable to include them.
Provided the adiabatilc approximation is reasonably accurate, this méy be
done by perturbation theory, starting from the adiabatic solution. The
resulting method (Corrected Born-Oppenheimer method , CBO) will be

described in the following sections.

2.1.1.2 Matrix elements

Matrix elements of Hrot’ Hcor and Hna between the bending wave-
functions {ﬁﬁ)(G;R)} are required. These are most simply obtained if
the bending Schrodinger equation (7) is solved in a basis set of

spherical harmonics for the internal rotation of HCl in the complex
K _ K K
¢, (8;R) = § ap; (R) Y, 7(0) (16)

where the azimuthal angle Y has been suppressed. The body-fixed
projection quantum number K has been introduced because ﬁbend is

diagonal in this quantum number; the only mixing between states of

different K is introduced by the Coriolis perturbation_ﬁcor.

The matrix elements of the rotational and Coriolis perturbations



29.

N

may be simply obtained in this representation, Hrot is simply a

multiplying operator with only diagonal matrix elements

Ky a M 2 .
Gyl Rge 1000 = 'EEE? T S Sy (17)

where the integration is over angular coordinates only.

A o ) A ~
H may be written in terms of the shift operators J, and j,, and
cor + +

has matrix elements only between states with AK=%1

<¢b cor V§A> ENE L) abJ(R) a. ®) [3G+D- —rot ]2
J .
« [3(I+1)-KM1Z (8 .8 y . (18)

K,M+1 ~ CK,M-1

The matrix elements of d/dR and d?/dR* required for ﬁna could be
evaluated by numerical differentiation Qf the coefficients aij(R) of
equation (16). However, algebraic expressions for these matrix elements
havevbeeh giveﬁ by Child [8], and the use-of these expressions is both

more convenient and more accurate

<¢bldeend/de¢é>

for b # ¢ (19)
BO BO
[UC (R) - Uy (R) ]

g, (R = (o ld/ar|o ) =

<¢b|dﬁbend/de¢d> <¢d|dﬁbend/dR|¢c>
B0 B0 B0 B0
é b (R) - UC (R) ] [Ud (R) - U, R)1

£ B = (o, la%/ar?|¢ e

be

1l

d%b

<¢bldﬁbend/de¢ )

[UBO(R) ~ U (R)]2

BO BO
+ 2 d/dR [Ub (R) - UC (R) ]

- <¢b|d2Hbend/dR2l¢c>
W2 R) - U5 (R))

for b # ¢ . (20)
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The diagonal terms gbb(R) are zero, but the diagonal second derivative

terms are not, and are required for the adiabatic correctioms

J<¢, |af . /ar|e >|*
fbb(R) - 2 b H'bend I c I

(21)
c#b [UﬁO(R) - UEO(R)]Z

The adiabatic corrections are small in regions where the bending wave-
functions {¢b(6;R)} are changing slowly, but have sharp positive peaks
if the character of the functions changes fast. For realistic Ar,.HCl
potentials, the angular minimum is at the iinear Ar .H-Cl1 configuration
for large intermolecular distances, but moves to the linear Ar.Cl-H
geometry when the repulsive forces dominate. This gives a fast change
in ¢0(6§R) in the region of the potential well, and sharp peaks appear

in both the adiabatic and non—~adiabatic terms as a function of R.

2.1.1.3 Calculation of spectroscopic parameters

The molecular properties obtainable from MBER spectra are the

rotational constant B, the centrifugal distortion constant DJ, the

angular expectation values <P, (cos8)> and <P,(cos8)>, and the angular

centrifugal distortion constant D In previous calculations [1,3,4],

e.

spectroscopic constants such as B and D

3 have been determined by a

least—-squares procedure: the ground state energy was evaluated for
several values of the rotational quantum number J, and these energies

fitted to a quadratic in J(J+1) to obtain B and D This procedure is

J »

unsatisfactory for twc reasons: First, solving the entire problem for

different J values involves the duplication of considerable computational
// L2 M

effort and, secondly, the results are likely to be unstable with respect

to any systematic errors in the eigenvalues, since small differences

between large numbers must be calculated. In the CBO method used here,
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these spectroscopic parameters are calculated in a single step, by
perturbation theory [9,10]. Thus the rotational constant is the
coefficient of J(J+1) in the expression for the total energy, and DJ is
obtained from the coefficient of J?(J+1)2.

Contributions to the rotational constant will arise from two
sources: the required J(J+1) dependence may be provided either by terms
first order in ﬁrot (with a J(J+1) dependence, equation (17)) or by
terms second order 1in ﬁcor (with a [J(J+1)]1/2 dependence, equation (18)).
However, all orders of the non-adiabatic perturbation ﬁna will contribute

and we require convergence of the perturbation series for this pertur-

bation. If the total hamiltonian 1s written

~ A (o ) N ’ A A :
H=H AH o+ uH_ o+ VE (22)
where “<°) is the adiabatic hamiltonian, and the energy and wavefunction

are expanded in powers of A, U and V

E= § 7 ] a%ymynptim) @3
£=0 m=0 n=

b= L D umn ) (24)
£=0 m=0 n=0

then these expressions may be substituted into the total Schrodinger
equation and a series of perturbation equations may be obtained by
collecting powers of A, 4 and V. This procedure is simply a generali-
sation of the usual perturbation theory expansion and has been reviewed
by Hirschfeldgr et al. [11]. The general form of the (fmn)th equation

1s
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ﬁ(o)w(lmn) &, (2=1,m) q (2,m-1,n) . 4 (2m,n-1)

* Hnaw rotw ¥ HCOrw
conon (pqr) , (&-p,m~q,n-7)
z Z z E Pq lp p,m=q, . (25)

p=0 q=0 r=0

where E(OOO) and w(ooo)

are the adiabatic energy and wavefunction
respectively. Many of the lower order perturbation equations are
simplified by the fact that the different.perturbations do not connect
the same excited states to the ground state. Thus there is a selection.
rule of AK=1*1 for the Coriolis terms, so that only perturbation terms

of even order in ﬁcor can contribute to the ground-state energy: that

is, E(Rmn)=0 for n odd. Similarly, the non-adiabatic perturbation has

(1m0)

no matrix elements diagonal in the bending state ¢, so that E =0 for

all m.

With this notation, the rotational constant B is given by

BJ(J+1) = ) (g #10) , g (202) (26)
L

where the two terms arise from Hr and Hcor respectively, as discussed

ot

above. Considering first the terms due to Hrot alone, we write out the

relevant perturbation equations explicity

(voo)

[ﬁ(o)__E(ooo)]w(01o) _ [E(01o)__ﬁ 1o | 27

rot

[ﬁ(°)—E(°°°)]w(1°°) _ [E(IOO)_ﬁnaN(ooo) (28)
[ﬁ(O)-E(°°°)]w(2°°) - [E(IOO)-ﬁha]w(loo)*'E(Zoo)w(OOO) (29)
[ﬁ(o)_E(OOO)]w(llo) _ [E(IOO)”ﬁna]‘p(“Q)

N [E(OIO)_ﬁrct]w(loo)+E(110)lp(000) (30)
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[H(O) (000)]¢(210)==[E(100)“ﬁ ]¢(11°)+-[E(°1°)-ﬁ (200)

na rot

v

E(;lo)w(loo)_+E(210)w(ooo).

(31)
These may be simplified slightly since E(loo) and E(IIO) vanish as
mentioned above. To solve these equations, the various w(zmn) are
expanded in terms of the bending functions {¢b(9;R)}
L L 32

This yields simple inhomogeneous differential equations for the functions

Xy ™ (®).

For example, equation (28) becomes

- L w -0 m - ey ® g R X
(33)

The numerical method used to solve equations of this type is described

in Appendix 1. It 1s not necessary to expand the functions

—

{Xb(gmn)(R)}in.termé of a basis set of stretching wavefunctions.

An expression for the rotational constant B may now be obtained.

(000)

Projecting equation (27) onto ¥ gives

(o10)

<000]fi¢®) —g000) 0105 = <ooo|E ﬁrot 000 > (34)

where the labels of the bracket notation refer to orders of perturbation

(a'00)

theory (2mn) not quantum numbers. Since is an eigenfunction of

ﬁ(o) (000), the left-hand side of this equation

with eigenvalue E
vanishes by hermiticity, and we obtain the zeroth order approximation

to the rotational constant
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E©10) = (000|H,,,|000>. (35)
The first order non-adiabatic term E(llu) vanishes, but E(ZIO) does not.
From equation (31) we have
000 H© — E©(210% = <000| — H,,,[110>
+ <(000|E©@0) — F 1200 + E19000]000>.
(36)

The left-hand side again vanishes as above and the remaining terms may

.(p(llo) and 1!)(200)

be simplified by substituting for from their defining

equations (30) and (29)

E@0 = _ (100|H©® — E©|110% — (010|H® — E©0)[200}

=2¢100|H,,,]010> + <100|H ., — E©9[100>. 375

Note that this expression does not involve any wavefunctions w(zmn) from
perturbation equations of higher than first order. In order to obtain
the second order non-adiabatic correction to B, it is necessary to
solve only equations (27) and (28) explicitly.

The Coriolis contribution to the rotational constant is derived

(100)

similarly. 1In addition to equation (27) defining y , We require

[H(O)___E(OOO)]()ZI(OOI)___ _Hcorlﬁ(oom (38)

[H(O)_E(OOO)]¢(OO2)= _Hcor¢(001)+E(ooz) yfs(000) (39)

[H(O)_E(OOO)],JI(IOI): _Hcor¢(100)_gna¢(ool) (40)
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[H(O)_E(ooo)]l/,(loz)___ _Hcor¢(1o1>_HM¢(ooz) }
+E(002) ¢(100)+ E(102) Sb(OOO). (41)

From equation (39) the leading Coriolis contribution to B 1s

E©0%) = (000|H 4,,|001)

(42)

and from equation (41) there is also a non-adiabatic Coriolis term
B = (000} H,,.| 101> + (000|H,,|002>. (43)

Using the definitions of the various perturbation wavefunctions, this

becomes

E®92) = (001 !E(OOO)_H(O)Il()l) + <100]E(°°°)—H(°)[002>

=24001|H ,,|100) + <001|H,,,|001). (
L&)

Again, although the derivation of this expression involves higher order

perturbation equations such as (39) and (40), it is not necessary to

(o01)

solve these explicitly, since only w(lOO) and Y appeaf in the

final result.

Collecting equations (35), (37), (42) and (44), we obtain for the

leading terms in equation (26)

B](‘]+ 1):= E010) 4 E210) 4 E(002)+ Eaoez)
= (000|H,,,|000>
+2¢100|H,,|010> + (100|H ., — E©|100)>
"4 <000|H ,.|001>
+2¢002|H,,,|100> + <001|H,,,|001>.

(45)
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Analogous expressions may be derived for the other spectroscopic
constants and evaluated in the same way. Thus for the centrifugal

distortion constant
- 2 2 (£20) (¢12) | T (£08)
D,J¥(J+1) 2:: (EV*0) 4+ ECR2) 4 ECOD), (46)

204)

E( is fourth order in the Coriolis perturbation and may safely be

neglected. The leading non-adiabatic contribution to the céntrifugal

(220)

distortion constant D_. is from E

3 , and the final expression for DJ

(including terms up to second order in H  and Hna) is

— D] +1)2 = C000| H o, — E®9[010> + (001 | H, ., — E©19]0015
+2¢010|H,,,|001> +2¢200[H o, — E€]010
+(110]H,,,]010> + <110| H o, — E©9|1005

— E©2)(100/100>.

(47)

In order to calculate the expectation values of the Legendre polynomiais
PZ(COSG) and P,(cos6), which are required in the calculation of the
nuclear quadrupole coupling constant and dipole moment of the complex,
we introduce a fictitious perturbation hamiltonian [11] P, {cos®)

(or PI(COSG)), and solve the additional first order perturbation
equation for the wavefunction correction T(0,R)

[H® — E©]7 = £[Py(cos 8) — (Pp>@]h@ (48)

where the constant £ has units of energy, and has been introduced merely
to satisfy the requirements of dimensionality. It will cancel from the

(o)

final result. . <P,> is the zeroth order expectation value of P, (cos§)

(P,>©® = (000| Py(cos 8)]000>. | - (49)
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Because P,(cosf) had matrix elements off-diagonal in bending state
¢(O;R), there is a correction to its expectation value first order in the
non-adiabatic perturbation. This contrasts with the rotational constant,
where the leading non-adiabatic term is second order in ﬁna’ since

ﬁrot has no matrix elements off-diagonal in bending state. Proéeeding

by an argument similar to that for the rotational constant, we obtain

. A
for the expectation value of P,(cos6), to second order in Hna

(Py(cos 8)> = <000|Py(cos 8)]|000)
+ 2<000| P,(cos 8)]100) .
+2¢100|H,,,/€|7> + {100 | Py(cos 8) — (P,>®|100).

(50)
The final result for <P;(cosb )> is similar, but with the appropriate
changes in the matrix elements and in the definition of m(O;R).

Further potential information is available from Dy the centri-

fugal distortion constant for <P, (cosb )>
(Py(cos 0)) ;= (Py(cos 0)>q+ DyJ(J +1). (51)

and this quantity has now been observed for several van der Waals
complexes [7-9]. In the perturbation treatment, De arises as the
J(J+1) coefficient of <P,(cos® )> and there are again contributions from

both ﬁ and ﬁ . The final result is
rot cor
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(100)

The correction wavefunction X, , obtained by solving equation
(33), is equivalent to a sum over contributions from all stretching |
states of the b=1 bending state which are mixed into the ground state
by the non-adiabatic perturbation. However, although there are
contributions from highly excited (and fast-oscillatiﬁg) zeroth order

(100)

wave-functions, X, itself is a well behaved, slowly varying
function. This is another feature favouring the direct solution method

of Appendix 1, since it is unnecessary to use a very fine radial grid

to allow for fast-oscillating components of the perturbed wave-function.

2.1.1.4 Convergence

The corrected Born-Oppenheimer (CBO) method described above is an
extensioﬁ of the Born-Oppenheimer angular-radial separation (BOARS)
method of Holmgren ét al. [5] and the convergence of BOARS results with
respect to the basis set of spherical harmonics (equation (16)) and with
respect to the radial (R) mesh size has been investigated in their
original paper [5]. The convergence of CBO calculations is similar in
these respects and will not be described in detail. 1In the calculations
below we have used a basis set of SphericalharnwﬁiCS'with jmax=7 to
describe the bending motion and we have solved the radial equations
using an equally spaced grid of 400 points on the range R=3.08 to
6.08. This radial mesh was obtained by cubic spline interpolation in a
coarse grid, formed by the R values at which the clamped-nucleus
Schrodinger equation (8) was actually solved. Since the adiabatic and
non-adiabatic perturbations are sometimes sharply peaked functions of R,
it is necessary to ensure that the coarse mesh points are sufficiently
close together to describe the spike accurately. This is achieved by

using a closer mesh in this region only, but because the nature of the
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spike varies considerably between potentials it is not possible to give

general rules for the required mesh.

We have investigated the convergence of CBO calculations with
respect to the basis set of bending states {¢b(6;Rﬂ-introduced by the
non-adiabatic perturbation. We performed calculations for the Ai-Hsscl
isotope on potential IIb of Holmgren et al. [12] (HWK.potential,
figure 3). This potential was the one which gave the best fit to the
MBER data, using the BOARS method for calculating sPectréscopic
parameters. The results of this convergence test are shown in table 1;
and it may be seen that convergence is essentially complete when 3

excited bending states are included.

There is no question of convergence with respect to a basis.set of
stretching states, since the perturbation equations are solved directly,
without introducing a basis set of zeroth order stretching states. This

is equivalent to using an infinite basis set for the R coordinate.

Table 1. Convergence of CBO calculations with respect to basis set of
35
bending states for Ar.H Cl on HWK surface. Note that the number

of K=1*1 bending states used is the same as for K=0.

bax E/cm | B/MHz <P, (cosf)>
0 ~126.800 1673.471 0.36971
1 ~127.939 1685.860 0.35636
2. ~128.129 1687.949 0.36164
3 ~128.139  1688.050 ©0.36240
4 ~128.139 1688.051 0.36240
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Figure 5. Contour plot of the ab initio potential of Vliegenthart
and Rozendaal for Ar.HC1 (VR potential).
Contours are plotted at 10 cm._1 intervals relative to the

absolute minimum at —149.3/cm71.
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2.1.1.5 Comparison with previous calculations

Calculations on the Ar.HCl system have been carried out by several
authors [1,3,4,6], as discussed above. The potential for which most
previous calculations are available is potential I of Dunker and
Gordon (DG potential, figure 4), and in table 2 CBO calculationé on
this potential are compared with close-coupling [1,6], secular
determinant [3,4], BO and adiabatic results. All calculations use a
basis set with jmax==4 for Ar.HC1l and jmax==5 for Ar-DCl; these basis
sets are not quite fully converged, but have been used here to maintain
comparability with the earlier calculations. The centre of mass shift
for the Ar.DCl1 éalculations has been performed using the approximate

results of Dunker and Gordon for the same reason.

Table 2. Comparison of CBO method with previous calculations, using

Dunker and Gordon potential 1.

E/cm | B/MHz DJ/kHz . <P, (cosB)>
Ar.-u%°c1
Close ~132.436 1690+3 28+15 ~0.02704
coupling [1]
Close -132.495 1693.2 37.0 -
coupling [6]
Secular ~132.497 1693+1 402 -
determinant
BO ~134.048 1700.682 34.05 -0.00735
Adiabatic -131.702 1688.253 37.50 0.00743
CBO | ~132.473%0.04 1693.001#1.0 38.15%0.5 =-0.02808+0.001
Ar.p¥%c1
Close ~136.016 168643 45+15 -0.03263
coupling [1]
BO ~138.524 1692.566 36.89 0.01476
Adiabatic ' -134.232 1673.077 46 .84 0.04647

CBO ~135.983+0.08 1686.580+2.0 48.85%0.5 -0.03345+0.001
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It may be seen from table 2 that the CBO method gives a dramatic
improvement over the adiabatic values for both the ground state energy
and the expectation value of P, (cos®). The second order ground state
energy for Ar.HCl on the DG surface is —132.473cmf1, which is still
slightly above the secular determinant energy calculated by LeRoy et al.
[3]. However, when third and fourth order terms are included, the CBO
method gives -132.496cm—1, in good agreement with the secular determinant
result of —132.497cm-1. The only spectroscopic observable for which
higher order terms may be significant is the rotationalvconstant B;
these terms are expected to be considerably smaller than the second
order contribution and will depend on the details of the potential
surface. The estimated uncertainties for the CBO results with the

potentials considered here are given in tables 2 and 4.

2.1.1.6 Effect of centre of mass shift

The coordinate system used in the CBO calculations (figure 1) is
based on the vector from the diatom centre of mass to the argon atom and
the angular coordinate 0 is defined relative to this. In order to
perform calculations for two different isotopic species of a complex (for
example Ar-HCl and Ar.DCl) it is necessary to assume that the inter-
molecular potential is, in some sense, isotope independent. The most
commonly used model in the literature supposes that the potential is the
same for the same geometry; that is, the same Ar-Cl and Ar-H(D)
distances. However, because the diatom'centne of mass is different for
the two isotopic species, a particular geometry is described By
different (R,0) coordinates for the two isotopes. Thus to allow for the
centre of mass shift, it is necessary to transform the potential

relative to some reference isotope before doing the calculations.
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Several methods of performing the centre of mass shift have been
proposed. Holmgren et al. [5] in their BOARS calculation used a Taylor
expansion in powers of /R, where § is the centre of mass shift. We have
used a method due to Liu et al. [13], in which the transformed potential
is evaluated by Gauss-Legendre quadrature at each value of R. This
method is both more accurate and simpler to program than the earlier

method of Kreek and LeRoy [14].

One effect of the centre of the mass shift is to introduce high
order Legendre terms into the potential, even i1f the potential for the
reference isotope is truncated at a low order. Thus the HWK potential

1s written in the form

max
V(R,8) = } V, (R)P, (cos 6) (53)
k=0 =

Table 3. Effect of centre of mass shift on spectroscopic parameters

for Ar-D>°Cl on the HWK potential, using bmax==3.

kmax E/cm_1 B/MHz DJ/kHz . <P, (cosH )> De/p.p.m.
No cm shift -135.883 1634.953 17.76 0.53773 15.83
2 ~136.407 1662.356 18.93 0.52648 20.04
3 ~136.550 1663.260 18.74 0.53028 18.71
4 -136.544 1663.254 18.74 0.53007 18.74

with the series truncated at kmax==2 for the Ar-HC1 isotope. 1In the
transformed potential for Ar-DCl, however, there are contributions from
k=3,4 etc. terms. To assess the importance of these higher order terms,
we have carried out CBO calculations for Ar-D°°Cl on the HWK surface,

truncating the transformed potential at several values of kmax’ and the
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results are shown in table 3.

The initial effect of the centre of mass shift is dramatic,
changing the rotational constant by about 30 MHz and the other para-
meters by less important amounts. The P,(cos®) terms is also important,
though fairly close to the limit of reliability of the calculatibns,
whereas the P,(cos@) term may be neglected for most purposes. The
other calculations in’this chapter have truncated the series for the

transformed potential at k =3,
max

2.1.1.7 Relative importance of perturbation terms

The relative sizes of various terms contributing to spectroscopic
35 35
parameters have been evaluated for Ar-H Cl and Ar:D” "Cl on the HWK

potential, and the results are shown in table 4.

The non-adiabatic terms in table 4 are the major terms omitted in
the BOARS approach and it may be seen that they make an important
contribution (>10 MHz) to the rotational constants. Because the
second order non—-adiabatic contributions to B are so large, we haveAalso
calculated the third order corrections, which are approximately -1 MHz
in magnitude. It is clear that adiabatic approximations to the
rotational constant may be considerably in error. The non—adiabatic
corrections to <P,(cos6)> are small for this potential, although
corrections up to 0.08 in the expectation value have been found for other
potentials (cf. table 2). The very small non-adiabatic correction to
Dy for Ar.HCl is due to a fortuitous cancellation of terms, as may be

seen from the Ar.DCl result, where the non-adiabatic term contributes

over 20 per cent of the total.

The Coriolis term also makes important contributions to the



Table 4. Magnitude of perturbation terms for Ar-HCl on the HWK
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potential, using bmax==4. Terms marked — have not been calculated,

but are believed to be very small.

Efem B/Miz DJ/kHz <P, (cos 6)> Dg/p.p.m.
Ar.u%*°C1
Zeroth order ~126.800 1678.81  18.57  0.36971 20.78
lst order ﬁna 0 0 0 0.00555 0.05
2nd order H_, -1.339 15.006  2.08 -0.01285 -
2nd order H.,, 0 -5.496  0.07 0 3.63
ﬁcor/ﬁna cross term 0 -0.269 - 0 -
Total ~128.139 1688.051  20.72  0.36240 24.47
Uncertainty 0.3 3.0 0.5 0.002 2.0
Ar-p°°c1
Zeroth order -135.609 1665.07 17.16 0.52791 14,93
Ist order H__ 0 0 0 0.01295  -4.51
2nd order fi,, ~0.942 11.760  1.88 -0.01041 -
2nd order Heor 0 -13.054 =-0.31 0 8.29
Heor/Hpa cross term 0 -0.511 - 0 -
Total ~136.551 1663.269  18.74  0.53045  18.71
Uncertainty 0.3 3.0 0.5 - 0.002 2.0

rotational constant and to DG' The Coriolis contribution to B is

usually in the range 5 to 15 MHz and is always negative in sign, since

the Coriolis effect always depresses the energy for the rotating

molecule. This result disagrees with that of Holmgren et al. [12], who

found that the Coriolis contribution to B was smaller than here and, for

the case of Ar:DCl on the DG potential, actually positive in sign.

Their result is not physically reasonable, since the K=zl perturbing



49.

states lie above the ground state. The inaccuracy probably arose
because of numerical instability in theixr procedure for determining B,

by a fit of total energy to a power series in J(J+1).

Howard [15] has recently pointed out that there is a Coriolis
contribution to the quadrupole coupling constant itself, as well as to
its centrifugal distortion constant. The hamiltonian for nuclear

quadrupole coupling ﬁqu has matrix elements off-diagonal in the

ad
projection quantum number K, due to perpendicular components of the
nuclear quadrupole coupling constant. The second order effect of these
matrix elements is expected to be very small, but the cross-term
between the perpendicular quadrupole and ﬁcor may be significant.
Howard [15] has shown that this effect will appear in the spectrum with
the same J- and M—-dependence as the parallel quadrupole coupling, so
that the quadrupole coupling constant for the complex is given by

1

e0g=¢QgHe [<P2<cos 0)>+ 7 <01 Coh 02_1|000>] (54)

where the sz operators are the renormalised spherical harmonics
(4ﬂ(22+-1))1/2 Yzm' An effective angular expectation value may thus be

defined

| 1
(Py(cos 0)) pp={Py(cos 0)> +—\7§ <001|Cy; + Cy_,|000>. (55)
The correction term may be visualised as due to the fact that <P,(cos 6)>
measures the projection of quHCl onto the R vector of the complex where-
as the experiment measures the projection onto the a-inertial axis.

These axes coincide for the linear and 6 =m/2 configurations of the

complex, but differ slightly for intermediate angles. In Ar.HCl, the
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angle between the a and R axes rises to a maximum of about 7X10—u radians
for 6=n/4. We have evaluated the correction term of equation (55) for
the HWK potential and find it to be 0.00C35 for Ar-H’°Cl and 0.00062

for Ar.D’°Cl. For most purposes this may be neglected, and it has been

omitted from the expectation values of P,(cos@®) quoted elsewhere in

this chapter.
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2.1.2 Reversed adiabatic method

The CBO method described above provides an efficient means of
calculating spectroscopic constants for atom—-diatom van der Waals
complexes, and is much more accurate than the original BOARS treatment
of Holmgren et al. However, for some potentials the nonadiabatic
correction terms are large, and it is clear that the perturbation
series does not converge quickly. For such potentials, an alternative

theoretical approach is required.

2.1.2.1 Theory

In the adiabatic approximation, a near-diagonal representation was
obtained by expanding the total wavefunction in terms of angular
functions {¢b(6;R)} which diagonalised the bending hamiltonian. This is
appropriate when the angular functions concerned vary slowly with the
intermolecular distance R. When this is not the case, an obvious
alternative is to expand the total wavefunction in terms of radial
functions which diagonalise a suitably chosen stretching hamiltonian.
This will give a near-diagonal representation if the stretching functions

obtained vary slowly with angle 6.

The total hamiltonian is therefore factorised

= Hstretch * by ﬁj ¥ Hrot ¥ Hcor (56)
A Mz 82
where = - — + V(R,e), (57)
stretch 2u 3R
2
N 22 22
H. = # (3 -ZJZ) (58)
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and H.rot and Hcor are as defined previously (equations (5) and (6)).

The total wavefunction 1is expanded
Vep = Z'XS’(R;G) bep; s (© | (59)

where the stretching wavefunctions {XS,(R;G)} depend parametrically upon

© and are defined by

E?stretch - UE?O(Gi]XS,(R;G) =0. (60)

The functions df?%e) form a series of effective potentials for the
A2

. o . : sRBO _ & .
bending moticn of the complex. The eigenfunctions of H Hstretch bj

are then solutions of the set of coupled differential equations

2 RBO _ | d »
[652 + US00) - By | bgp ;000 @) = NMRIORSXIRIOL | KRN

(61)

where mS”S' (8) = -b JXSVl (R;6) 3\2 XSI (R;0) dr (62)
, d

and ns,,s,(G) = -2b J XS,,(R;G) aé-xs,(R;e) dR . (63)

The reversed Born-Oppenheimer (RBO) solution is then obtained by

neglecting all the terms on the right hand side of equation (61)

PRB0 = X (R38) 950 (6) (64)
22 RBO RBO RBO _
E,J + uiB%) - EX20) 650(0) = 0 (65)

and the reversed adiabatic (RA) approximation is obtained when the diagonal
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term mss(e) is included

B = X (R50) 050 (0) (66)
[bj“z + USN(O) - El;‘:l ¢§§(e) =0 (67)
where UiA(G) = UEBO(G) - mSS(G) . (68)

It would be possible to include the off-diagonal nonadiabatic terms,
as well as the neglected terms in equation (56), by perturbation theory,
although there are special numerical problems which do not arise in the
CBO case. However, as will be seen below, the RA épproximation is itself
sufficiently accurate for calculating the spectroscopic observables for
most potentials, and the additional compiexity introduced by the non-

adiabatic terms is not justified.

2.1.2.2 Matrix elements

The reversed adiabatic correction term mSS(G) is given by [8]

l<XSlaV/ae|XSt>|2

(v @-u @3]

~n2
m o (0) = <x|-b3"Ix> = b E' (69)

where the integrations are over R only. The infinite summation over
stretching states could be performed by explicitly calculaﬁing the excited
state wavefunctions and then summing matrix elements, but it is more
convenient to use the differential equation method of Appendix 1, which

allows all contributions to be included in a single step.

. . RBO .
In the RA approximation, USB (0) and other functions are calculated
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on a grid of O values, but matrix elements are then required between
bending functions expressed in terms of spherical harmonics. It is thus
more convenient to convert the pointwise functions into expansions in
Legendre polynomials, since standard angular momentum techniques can then
be applied. This is most simply achieved if the pointwise functions are

evaluated at Gauss-Legendre quadrature points. For example, if
RBO, .. _ |
U (0) = E U, P, (cos 0) (70)

the coefficients Uk are given by

1
U = ] (k+3) UEBO(G) Pk(cos ) dcos 6 X Z (k+1) UEBO(arccos Xi) P ’xi) W,

k - k\
=1 i
(71)
where the W, and x. are weights and abscissae for N-point Gaussian
quadrature [16].
The operators ﬁj and ﬁéor are numerically difficult to deal with in

the reversed adiabatic formulation, although it would be possible to
expand the functions {XS(R;G)} in terms of eigenfunctions of 32 at each.
intermolecular distance R, and then calculate the matrix elements using
standard techniques. In the present work the small operator ﬁj has been
neglected, and the effect of ﬁcor on the spectroscopic observables has
been taken from ordinary BO calculations. This procedure gives accurate

results, as willlbe shown in section 2.1.2.5 below.

2.1.2.3 Calculation of spectroscopic parameters

(1) Rotational constant B

As in the CBO case, there are contributions to B from both H_ . and



where B(H)

(2)

neglecting all perturbation terms except H
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Hcor' In the reversed adiabatic approximation, when both H.j and

>

N
are lected, th 1 i i 1
cor neg » the contribution from Hrot 1s simply

t
i

RA RA .
rot J ¢00(6) B(6) ¢00(6) sin 0 d6 : (72)

[ Xo(R:®) (h*/2uR") X (R;0) dR . (73)

This can then be corrected by the Coriolis term taken from the BO
approximation. This term should have essentially the same value in
the BO and RA approaches since it arises from the same term in the

full hamiltonian. The expression used is thus

B=3__ +B (74)

Centrifugal distortion constant DJ

A formal expression for D_ in the reversed adiabatic approximation,

J

N

, may be written

rot
., |<00|&___ob>|" |<00|H__ |sb>|?
Dy J°(I+1)" =} RA _ RA + 1 KA _ & : (75)
b#0 “0b 00 s#0b sb 00

The first term is readily evaluated by summing matrix elements, and
the summation converges rapidly. The second term does not converge

very fast as it stands, but may be very accurately approximated by
RA . RA . .
J.¢OO(8) DJ(G) @OO(S) sinb do (76)

where DJ(G) is the pseudo-diatomic centrifugal distortion constant

evaluated at fixed angle
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4)
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l<x R;0) [B|x. (®;0) |
0 rot'”s (77)

D(8) 3 (+1)” = §

s#0 UEA(G) B UﬁA(e)

This expression can be evaluated efficiently using the differential

equation method of Appendix 1, ensuring convergence of the summation.

There are thus two contributions to the centrifugal distortion
constant, and these have a élear physical interpretation. The
dominant contribution corresponds to the second term of equation
(75), and is simply the fixed-angle centrifugal distortion constant
of equation (77) averaged over the bending motion of the complex.
However, there is also a smaller contribution arising from the
distortion of the angulaf wavefunction as the complex rotates.
Angular expectation values <P, (cos8)> and <P,(cosf)>.

These are given by the expectation values over the bending wave-

function
<P, (cos®)> = J ¢§g(6) Pl(cose ) ¢§g(6) sin® do (78)

and analogously for <P,(cos 0)>.

Angular centrifugal distortion constant Dq

The expression for Dy may be written (cf. equation (52))
< 9/ > <sb|H >
00|P,(cosB ) |sb> <sb|H |00

Dg J(I+1) = -2 ) KA _ KA
sb sb 00

+ Coriolis term (79)

However, at each value of O thexe are only diagonal matrix elements
of P,( cosb) between the stretching wavefunctions {XS(R;Q)}, so that

the expression for De reduces to
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<OOlP2(cose ) |ob> <Ob|ﬁrot|00>
RA RA + Coriolis term .

b#0 EOb - E00

(80)

This summation is again quickly convergent. As before, it is
simpler to take the Coriolis term from BO calculations than to

calculate it in the RA formulation.

2.1.2.4 Convergence

Most aspects of the convergence of RA calculations are the same as

for CBO calculations; for Ar.HC1l and Ar.DCl calculations have been

performed using jmax = 7 and solving the radial equations on a grid of

400 equally spaced points between 3.0 2 and 6.0 &. However, there

remain two degrees of freedom which must be converged.

1) We have investigated the convergence of reversed adiabatic calcula-

2)

tions with respect to the number of Gaussian quadrature points used
in solving the angular equations, using an ab initio potential due

to Vliegenthart and Rozendaal [17] (VR potential, figure 5). This
potential has been chosen because the position of the radial

minimum Rm(e) varies particularly fast with 0, which is expected to
result in slower convergence of the Gaussian quadratures than is
found for most other potentials. The results of these calculations
are shown in table 5; it may be seen that convergence is essentially
complete for N = 10, and this value of N has been used in all the

other RA calculations presented here.

The convergence of DJ and De with respect to the basis set of

bending states (equations (75) and (80)) has also been investigated,

and the results are shown in table 6. bmax = 3 has been used in



all subsequent calculations.

Table 5. Convergence of RA calculations with respect to number of
Gaussian quadrature points, using VR potential.

The Coriolis term in B is omitted.

N B/MHz | <P, (cosb)>
4 | 1610.52 0.1959
6 1610.57 0.2430
8 1610.74 ‘ 0.2391
10 1610.67 ' 0.2401
12 . 1610.68 0.2400

Table 6. Convergence of RA calculations with respect to basis set -

of bending states, using HWK potential

Ar-HC1 | Ar-DC1
. D /kHz D, /10 D /kHz ~ Dpy/107°
0 18.34 0.00 17.99 0.00
1 19.72 18.63 18.33 13.58
2 20.14 29.64 18.54 22.60
3 20.16 30.28 18.56 23.72

4 20.16 30.28 18.56 23.77
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2,1.2.5 Comparison with previous calculations

Reversed adiabatic calculations have been performed using the HWK
potential [5] (figure 3), and are compared with the results of

Grabenstetter and Le Roy [4], Kidd et al. [6], and with CBO results in

table 7.

Table 7. Comparison of methods using HWK potential

Ar-HC1

B/MHz D /kHiz <P, (cos0)> Dy/10" "
CBO 1688 =3 20.7£0.5 0.3624%0.002 24.5%4.0
RA ‘ 1694.1+£3 20.2%0.5 0.3638+0.002  30.3%4.0
Secular determinant [4] 1691 2 20 3 - -
Close coupling [6] 1690.8 20.2 - -

Ar.DC1

CBO 1663£3 18.7+0.5 0.5305+0.002 18.7%4.0
RA , 1666+3 18.6%0.5 0.5332%+0.002 23.8%4.0

It may be seen that RA calculations are of approximately the same
accuracy as CBO calculations for Ar-HCl on this potential. The
accuracy of RA calculations improves from Ar-HCl to Ar-DCl, since the
neglected coupling terms involve the rotational constant of the diatomic
molécule; CBO calculations,_by contrast, are less accurate for DCl
complexes, because the states coupled by the nonadiabatic terms are

closer together than in HCl complexes.

In conclusion, the CBO method is often more accurate than the RA
method, but it is less stable; the CBO method breaks down for some

potentials, whereas the RA approximation always gives reasonably accurate
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spectroscopic constants. The CBO method tends to break down when fhe
equilibrium angle changes quickly with R; this is the case for some of
the potentials considered in chapters 4 and 5, where the preferred
angle is O = 0o at R = Re’ but becomes 0 = 180O at smaller values of R.
Conversely, the RA method is least accurate when the equilibrium

distance Rm(e) changes fast with 6.

In the following chapters, the CBO method has been used where

possible, but the RA method has been used in "difficult" cases.
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2.2 Linewidth calculations

The quantum mechanical theory of rotational line broadening for a
dilute solution of a diatomic gas in a bath of structureless perturbers
is well understood [18], but for systems with reduced masses approaching
those of Ar+HC1l fully quantal close coupling calculations are
prohibitively expensive. Various angular momentum decoupling approxi-
mations, particularly the coupled states approximation [19,20], have been
applied to the calculation of line broadening cross sections, but even
these are too expensive to use in a least squares procedure to optimize
potential parameﬁers. More satisfactory are approaches using curved
classical paths for the translational motion, but treating the rotational
motion quantally [21,22]; these are reasonably inexpensive and appear
to give good results. We have used a modified version of the method of
Smith et al. [22], in which some of their approximations have been removed.
As will be seen below, the method appears to give reliable results for all
but the lowest rotational line, as judged by comparison with coupled
states and more sophisticated classical path results. The present method
is very much faster than any of the alternatives, producing a complete set
of line broadening cross sections for a trial potential surface in less

than 10 seconds on an ICL 2980 computer.

In the classical path formulation the cross section for pressure
broadening of an isolated spectral line is given in terms of § matrix
elements by [21]

o0 oo

_ -2

0,51 (1) = () JOJ 0,51 (b,E) exp(-—E/kBT)IZTTb db dE, (81)
0 r )

IS S A I
0..,(b,E) =1 = § (-1)"8 M
33 m m m q -m' ||m, q -m'
'OL g ' & I & 8
m'amg

X <i'' [SF.E) i ><im [, E) [ jmg>,  (82)



62.

where T is the temperature,j and j' are the rotational quantum numbers
of the states connected by the transition, b is the impact parameter
for the collision, E is the translational energy, the summations over

m B and m' g are over all possible projections of j and j' onto a
]

sk

spaced-fixed axis, and K is the tensor order of the transition (1 for

far infrared spectra, 2 for Raman spectra).

The problem of calculating line broadening cross sections thus
reduces to that of calculating classical path S matrices. Following
Smith et al. [22] we express the S matrix for each classical trajectory

as the complex exponential of a phase integral matrix n(b,E)

S(b,E) = exp (in(b,E)), (83)
<jm|nlj'm'> = J <jm|V(§(t))lj'm'> exp(iwjj,t) dt, (84)

where uﬁj' is the angular velocity associated with the energy difference
between states |jm> and |j'm'>, V(R) is the intermolecular potential and
R(t) is the time-dependent position‘vector describing the classical
trajectory for the collision. This expression is just the leading term
in the Magnus expansion [23] of the proper time-ordered exponential;
further terms involve commutators between potentials at different times

and are believed to be small for atom-diatom collisions [24].

Next, the peaking approximation is made [22]; this involves
neglecting the time-dependence of the angle between R(t) and the space-
fixed quantisation axis, and has the result of making the p matrix

diagonal in m

(s0]

f
<jmln|j'm'>‘= z <jm|CkO|j'm'> J Vk(R(t)) coswjj,t dt (85)

k =00
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1
where the CkO are the renormalised spherical harmonics (4m/(2k+1)) AZYk?,
R(t) is the length of the vector R(t) and the Vk(R) are Legendre
components of the potential

V(R,0) =) vV, R)P, (cosd) . (86)

The S matrix is now also diégonal in m, and equation (82) simplifies to

j K j')? .
g..+(b,E) =1 -} <i'm'|$"(b,E)|j'm'>
33 mm'q m q -m'

x <jm|S(b,E)|jm> (87)

It may be noted that this expression involves only diagonal S—matrix
elements. Smith et al. [22] next make a series of approximations which
enable them to obtain an analytical expression fof the S matrix elements.
This procedure has advantages for potentials with a simple analytical
form of the Vk(R) and with only low order Legendre polynomials Pk(COSG)
contributing, but for less restrictive potentials the expressions for
the-S matrix elements become very complicated. It is then simpler

(and more accurate) to calculate the N matrix exactly from equation (85)

and then exponentiate it numerically.

Our program for calculating the line broadening cross sections
Ojj,(b,E) starts by evaluating R(t) for the centrifugally corrected
isotropic potential, using a predictor—corrector algorithm based on
Hermite interpolation and the Euler-Maclaurin sum rule [25] to
propagate R(t) outwards from the classical turning point; the Vk(R)
are then evaluated at a set of up to 128 equally spaced values of t and
Fourier transformed using the Cooley-Tukey FFT algorithm [26]. The

N matrix is constructed using exact values for the angular momentum
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coupling terms and exponentiated using the identity

exp(in) = X = exp(iD) X, | (88)
where D is a diagonal matrix defined by

n-x'px. e

The integrations over b and E are then carried out using Gaussian
quadrature as described by Kircz et al. [27], which was found to
converge more rapidly than simple Gauss-Laguerre or Gauss-Hermite
quadrature. In the present work eight—pbint quadratures were used for

both the impact parameter and energy integrals.

For a diatomic molecule with rotational constant bd’ all the phase
integrals required for equation (85) are for values of wjj' which are
multiples of Zbd. For suitably chosen time steps, therefore, the
required Fourier integrals are provided directly by the discrete Fourier

transformation without the need for interpolation.

In order to judge the accuracy of the present method, we have
compared it with various calculations in the literature for Neilsen
and Gordon's potential 52 [21]. Neilsen and Gordon have reported accurate
classical path calculations on this surface and Smith et al. [22] have
compared their approximation to Neilsen and Gordon's. Goldflam et al.
[28] have performed coupled states calculations on this surface for one
energy only; these are expected to be accﬁrate to *5 per cent [20].
The results of the present method are compared with these earlier
calculations in table 8. The agreement is good for all transitions

except =0+ 1. The present calculations give linewidths slightly below



those of Neilsen and Gordon [21], but the coupled states results
suggest that Neilsen and Gordon's results themselves may be somewhat

too high.

65.

Table 8. Comparison of rotational line-broadening cross-sections
calculated by different methods. All calculations are for

surface 52 of Neilsen and Gordon [21].

E=150 K E=398 K
Line o . .
G*i") GGK NG This work  GGK NG This work
2
Cross sections at fixed collision energy/x
0—>1 86 98.23 (61.2) 75 79.88 (54.0)
1->2 82 84.91 83.2 54 57.41 50.7
23 65 68.61  65.4 46 45.16 42.4
34 46 50.92 44 .8 35 37.38 34.6
45 32 37.17 31.4 - 30.63 28.0
5>6 - 26.37 21.8 - 23.75 22.0
Line
(G=31") NG SGC This work

Cross sections averaged over energy at temperature 300 K

01 74.02 - ~(50.9)
1+2  59.16 69.7 56.8
2+3  47.40 51.3 46.6
3>4 38,44 40.2 36.1
4>5  31.48 32.3 29.0
5+6 25,42 26.3 23.5

GGK, coupled states results of Goldflam et al. [28]. NG, classical
path results of Neilsen and Gordon [21]. SGC, approximate classical

path results of Smith et al. [22].
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On the basis of this comparison we believe that the present method
provides line broadening cross sections accurate to #3 ) However,
as will be seen below, the Neilsen-Gordon potential 52 is not realistic
and it would be desirable to obtain more accurate calculations on our

fitted potentials, to verify that our computational method is still

accurate for these.
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2.3 Second virial coefficients

Second virial coefficients were evaluated by direct numerical

integration of the classical expression

(e ]
B,, = TN J

1
2
J [1-exp(—V(R,6)/kBT)] dcosS R dR. (90)
¢ ‘-1
Quantum corrections were ignored, since they are expected to be small
compared to the experimental uncertainties at the temperatures for which

data are available (190 K to 480 K for Ar-HC1).
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CHAPTER 3

THE INTERMOLECULAR POTENTIAL OF Ar-HCl

The most thoroughly studied of the rare gas -hydrogen halide
systems is Ar:HC1l, which has been investigated using several different
experimental methods. 1In this chapter, the available experimental data
are discussed with a view to assigning uncertainties for use in least
squares fitting. The data are then used to test various potentials which
have been proposed in the 1iterature; Finally, simultaneous least
squares fits to all the useful experimental data are presented and
several new potentials are obtained which fit all the existing experi-

mental results.

3.1 Experimental data

3.1.1 Molecular beam spectra

Novick et al. [1,2] and Hutson and Howard [3] have obtained microwave
and radiofrequency spectra of the ground vibrational states of the Ar-HC1
and Ar-DCl van der Waals complexes. The important quantities obtained
from the spectra for each isotope are the rotational and centrifugal
distortion constants, the angular expectation values <P, (cos8)> and

<P, (cos0)>, and the angular centrifugal distortion comnstant DG'

All the spectroscopic constants for the Ar-HCl and Ar-:DC1l
complexes can be measured more accurately than they can be calculated,
so that the weights given to the spectroscopic observables in the least
squares fits (table 2) are based on estimates of the computational
accuracy. The uncertainty of *0.002 in the expectation values of

P,(cosB) is based on the comparison of expectation values obtained
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from chlorine and deuterium quadrupole coupling constants; for
<P, (cosf)> , obtained from the dipole moments, the uncertainties are
larger because of contributions from induced moments and charge

transfer.

As discussed in the Introduction, there are slight differences
between the intermolecular potentials for Ar-HCl and Ar.DCl because of
the different zero point vibrational amplitudes in HC1 and DCl. This
is expected to have a significant effect on the observed rotational
constant for Ar.DCl, and this quantity has accordingly been omitted

from the least squares fits described in this chapter.

3.1.2 Rotational linewidths

Cross sections for pressure broadening of j» j + 1 pure rotational
1ines.of HC1l by Ar have been measured by van Aalst et al. [4] for j=0
to 5 at temperatures of 125 K, 175 K and 300 X, and by Frenkel et al.
[5] for j=6 to 9 at 162.5 K. Error estimates for these measurements
have been given in [4] and [6]. In most cases the experimental errors
are greater than the *3.0 8% error in the linewidth calculations and
have been used without modification in the least squares fits. Where
the experimental errors are given as less than *3.0 Xz, the latter value

has been used.

Van der Peijl et al. [7] have measured cross sections for pressure
broadening of HCl pure rotational Raman lines by Ar at 295 K, but the
data are considerably inferior to the far infrared cross sectionms.
Linewidthsvwere measufed-under conditions where HCl self broadening was
significant (HC1 partial pressure 0.99 atm) and the Ar + HC1l cross

sections were obtained by measuring linewidths at Ar partial pressures
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of zero, 9.71 atm and 19.24 atm; the Ar-HCl cross sections were then
obtained from the gradient of linewidth with respect to Ar pressure,
which was not accurately determined. The experimental uncertainties
quoted in [7] appear to be unreasonably optimistic; we have used
twice the quotéd uncertainties in the least squares fits and sfill
obtain poor agreement with these experiments. It is likely that the
experiments, rather than the calculations, are at fault, since the
Raman cross sections are incompatible with the far infrared cross
sections, although the two effects should probe similar features of the
anisotropic potential. Indeed, the cross sections for the Raman and
far infrared linewidths are simply different averages over the same

elastic S matrix elements (equation (82) of chapter 2).

Our computational method is not accurate for the lowest rotational
line in either the far infrared or the Raman spectra and these data

have been omitted from our fits.

3.1.3 Second virial coefficients

The mixed second virial coefficient B,, for Ar + HCl mixtures has
been measured by Schramm and Leuchs [8] at temperatures from 190 K to
480 K; they have given the accuracy of their measurements as ranging
from *7 em” mel ' at 190 K to %5 em® mol ' at 480 K and we have adopted

these error estimates.

3.1.4 Molecular beam scattering

Farrar and Lee [9] have measured total differential cross sections

, . .
for Ar + HC1 collisions at an energy of about 620 cm . They did not



73.

resolve diffraction oscillations, but did observe a single damped
rainbow maximum. They interpreted their data using a purely isotropic

potential with a well depth of 133 cm’-1 and equilibrium distance 400 pm.

Unfortunately, it is not possible to include the differential cross
sections directly in the least squares fits in a satisfactory way,
since the computing time required to perform the calculation in the
presence of anisotropy is prohibitive. ‘However, Buck and McGuire [10]
have shown that the anisotropy shifts the position of the rainbow
maximum only slightly, so that Farrar and Lee's estimate of the
isotropic well depth should be fairly reliable. We have included this
information in our least squares fits by introducing an isotropic well

depth of 1334 cm = as a data point.

3.1.5 Other data

Various features in the spectré of bulk phase Ar + HC1l mixtures
have been attributed to Ar.HC1 compiexes: Rank et al. [11] and Miziolek
and Pimentel [12] have observed such spectra near the HCl fundamental
stretching frequency, and Boom and van der Elsken [13] have observed
Ar-HCl in the near infrared around 30cnr?. However,vall these spectra

are at low resolution, and cannot be conclusively assigned. They are

thus of little use in determining the anisotropic potential.

Cross sections for pressure shifting of HCl pure rotational lines
by Ar have been measured [4,14]. The line shifts appear naturally in
the classical path formulation of chapter i as the imaginary part of
the cross sections ojj,(T), but the approximations made there are
expected to affect the calculated line shifts more than the correspond-

ing widths [15]. A more accurate (and more expensive) computational
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method would be necessary if the line shift data were to be included

in the least squares fits.

Leonardi-Cattolica et al. [16] have observed proton spin-lattice
relaxation times for HCl in gaseous Ar + HCl mixtures at temperatures
from 300K to 420K. These relaxation times are dependent on'the
ipelasticity of Ar + HC1 collisions in much the same way as the
rotational line broadehing data [4,5], but in addition are averaged over
the HC1 rotational quantum number j, and so contain less detailed
information than the linewidths. In view of the considerable additional
computational effort required to calculate nmr relaxation times, it

was decided not to include these data in the least squares fits.

Several authors have observed linewidths and shifts for HC1
vibration-rotation lines perturbed by Ar [17]. However, these are
affected by the dependence of the intermolecular potential on the HC1
vibrational coordinate r, as well as by the énisotropy of the potential,

and so have been excluded from the present study.

Polanyi and coworkers [18] have investigated inelastic HC1 + Ar
collisions at high energies by monitoring infrared emission from a
molecular beam of HC1l before and after crossing a beam of Ar atoms, and
have interpreted their results in terms of an exponential gap law with
a single adjustable parameter. However, classical trajectory calculat-
ions [19] have demonstrated that these results are not Very sensitive

to the intermolecular potential.

Piollet-Mariel et al. [20] have very’recently measured the intensity
variation of HC1l rotation-vibration lines with Ar pressure, and have
developed a somewhat crude theoretical interpretation of the effect [21].
However, the intensity variation is difficult to measure accurately, and

the data currently available do not provide a sensitive probe of the
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potential anisotropy.

3.2

Previously proposed potentials

Many intermolecular potentials have been proposed for Ar.HCI,

based either on ab initio calculations or on experimental data. How-

ever, as will be seen below, none of these potentials adequately

reproduces all the experimental data. Several of these potentials will

now be considered in detail.

1)

2)

Neilsen and Gordon [22] generated a series of Ar-HCl potentials
based on simple models of the attractive and repulsive forces in
Ar-HCl, and attempted to determine the sensitivity of various
relaxation phenomena}té the potential parameters. They then
varied the potential parameters by hand to obtain an optimum fit
to far infrared linewidths [23] and n.m.r. relaxation times [16]
for Ar + HC1 mixtures. This procedure yielded a series of
potentials which gave similar fits to the experimental data.
Dunker and Gordon [24] subsequently modified these potentials
slightly to improve the fit to the rotational constant of the
Ar-HC1 complex measured by Novick et al. [1]. Dunker and Gordon's
poteﬁtial I (DG potential, figure 4 of chapter 2) is typical of

these, and has been selected for consideration here.

Kircz et al. [16] used essentially the same parameterisation of the
potential as Neilsen and Gordon, but ﬁitted to more extensive -
measurements of far infrared linewidths [4,5]. Their potential
(KPEF potential, figure 1) is completely different from Neilsen and
Gordon's, which serves to demonstrate the danger of fitting to

relaxation data alone.
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3) Vliegenthart and Rozendaal [25] have recently produced an ab initio
potential for Ar+HC1l, which they have fitted to an analytic
functional form [26]. This potential (VR potential, figure 5 of
chapter 2) differs considerably from other theoretical calculations
on Ar-HC1 [27,28], but is included here because it has several

features similar to the potentials obtained by least squares

fitting below.

4)  Holmgren, Waldman and Klemperer [29] obtained a potential by
fitting to the molecular beam spectra of Novick et al. [1,2], using
the BOARS method to calculate spectroscopic constants. This

potential (HWK potential) is shown in figure 3 of chapter 2.

Calculations of spectroscopic constants have been carried out for
these four potentials, and are compared with the experimental data [1-3]
in table 1. The HWK potential gives by far the best fit, as would be
expected, since it is the only one of the potentials that was fitted to
the molecular beam spectra. The DG potential completely fails to
reproduce the angular expectation values, because its absolute minimum
is at a T-shaped configuration; as will be seen below, the spectra
require a linear equilibrium geometry. The VR potential gives
rotational constants which are too small by about 47, indicating that
its equilibrium intermolecular distance is too large by about 8 pm, and
is not anisotropic enough to reproduce the angular expectation values
accurately. Conversely, the KPEF potential has an equiliBrium inter-—
molecular separation which is about 13 pm too small, and has too great

an anisotropy in the region of the potential well.

Calculations of far infrared line broadening cross sections for
these potentials are shown in figure 2. The DG and KPEF potentials give

reasonably good fits to the data, since they were determined by fitting
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Table 1. Comparison of calculated and observed spectroscopic

parameters for previously proposed potentials.

Potential B/MHz DJ/kHz {Pz(c056)> <P, (cosB)> De/10—.6
Ar-HC1
DG 1693.0 38.3  -0.028 0.342 96
KPEF 1790.7 12.9 0.616 0.849 -2
VR 1608.1 35.5 0.2401 0.518 21
HWK 1688.1 20.7 0.363 0.688 25
Experiment = 1678.511 20.0 0.34058 0.673 23.7
Ar.DC1
DGV 1685.2 49.2 -0.035 0.402 175
KPEF 1791.5 12.1 0.719 0.895 0]
VR 1581.4 21.8 0.465 0.754 27
HWK | 1663.3 18.7 0.531 0.804 19
Experiment 1657.627 17.1 0.53701 | 0.833 19.0

to similar information. The HWK potential, which was the only one to

fit the molecular beam spectra, gives poor line broadening cross sectioms,
particularly for the high rotational lines. This reflects the fact that
the high j linewidths are determined by the characteristics of strong
collisions which sample the repulsive wall of the potential, and the

HWK potential is nearly isotropic in this region. The VR potential also

'

fails to reproduce the high j linewidths, because it has a much "softer’

repulsive wall than the other potentials.

Calculated and observed second virial coefficients for Ar+HC1l
mixtures are shown in figure 3. Second virial coefficients are
principally a measure of the (weighted) volume of the potential well

(equation (90) of chapter 2). The HWK potential reproduces the
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experimental data well, but both the DG and KPEF potentials give second
virial coefficients that are significantly too negative. For the KPEF
potential, this results from the fact that the well around 6= 0 is
too deep. For the DG potential, the minimum is a reasonable depth, but
the radial curvature near the minimum is too low, so that the effective
volume of the well, as measured by the configuration integral, is too
great. This low curvature is also shown by the spectroscopic
centrifugal distortion constants Dy; these are much too large for the
DG potential, as shown in table 1. The second virial coefficients
calculated for the VR potential are somewhat less negative than the
experimental ones, indicating that the VR potential is slightly too

shallow.

Thus none of the potentials previously prcposed for Ar.HC1
reproduces all the experimental data adequately. Only the HWK potential
reproduces the molecular beam spectra with any accuracy, and it fails
to give the far infrared linewidths correctly. It is therefore
desirable to attempt a simultaneous fit to all the data, and the

remainder of this chapter is devoted to this.

3.3 Parameterisation of the intermolecular potential

In order to obtain information on intermolecular interactions by
least squares fitting to experimental data, it is necessary to para-
meterise thé anisotropic potential. The parameterisation chosen must
be flexible enough to approximate the true potential closely in the
physically significant regions but simple enough for the potential
parameters to be determined from the'experimental data. Any choice of
parameterisation necessarily forces the fitted potential to conform to

certain constraints; thus, when least squares fitting, it is desirable
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to try several different functional forms. It is then possible, by
comparing the resulting potentials, to see which features of the
potential are physically significant and which are merely artifacts.of
the parameterisation. In this section several functional forms that we

have used to describe the anisotropic potential are discussed.

All the potential parameterisations discussed below will be based
in some way on a one-dimensional well-shaped function, and it is important
that this should be chosen carefully. Many simple functional forms
have been proposed, of which the Morse, Lennard-Jones and Buckingham
(a-6) forms are the best known. The Morse potential can be excluded
immediately for van der'Waals interactions, since it dies off too
rapidly at large R, while the Lennérd-Jones function has an unrealistic
form for the repulsive potential. The Buckingham potential has the

correct functional form at both large and small R
-6
V(R) = /(o —6) [6 explo(l-x)]-ax ] (1)

where € is the well depth, o determines the steeﬁness of the repulsive
branch and x==R/Rm, where Rm is the radial position of the minimum.
However, it has been found for the rare gas pairs that the Buckingham
potential cannot simultaneously reproduce both the correct well depth and
the correct long-range Cg coefficient; the C; coefficient for a

Buckingham (o - 6) potential is given by

EoR ©
i

6~ (a-6)

(2)

and for the rare gas pairs is generally predicted to be 50 to 100 per

cent too large by a Buckingham potential of the correct depth. As will
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be seen below, this problem also arises for the Ar-HCl potential. The
situation may be improved by adding terms in R and R™'", but the
potential then becomes rather cumbersome, with too many variable
parameters for our purpose. A more successful functional form has been
proposed by Maitland and Smith [30]; their potential is based on the
Lennard-Jones function, but the exponent of the repulsive wall is

allowed to vary with R

V(R)»= €/(n-—6)[6x—n-nx—6], (3)
where

n =In+Y(x—]);

The effective long-range C, coefficient is again determined by € and R.m

Ce

]
™
2

(4)

but is considerably lower than for a Buckingham potential of the same
depth and reproduces the theoretical C, coefficient reasonably accurately.
The Maitland-Smith potential has proved remarkably successfﬁl in |
reproducing bulk phase [31] and molecular beam glory scattering [32]
results for the rare gas pairs, and is likely to be superior to other
simple functions in anisotropic systems also. As remarked above, the
centrifugal distortion constants DJ of the van der Waals molecules are

principally determined by the radial curvature at the potential minimum,

which for a Maitland-Smith potential is given by

%y 6¢
(-—;‘) = *-IZE . - (5)
dR R=R R
m
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For Ar-HCl, € and R, are determined by other data; thus, in order to

gain the necessary flexibility to fit D_, the repulsive wall parameter

J°
m must be optimised. However, the skewing parameter Y does not affect
the curvature at thé minimum and also has very little effect on the
other experimental observables, so that it is not possible to determine
Y from a least squares fit to the data currently available. We have
fixed Y at 9.0 in the present work, so that for our purposes the
Maitland-Smith potential has three variable parameters,HE, Rm and m.
The parameters € and Rm have exactly the same interpretation as for
other one-dimensional potentials, while m 1is analogous to the O
parameter of the Buckingham (o~ 6) potential and principally determines

the curvature at the minimum and hence the spectroscopic centrifugal

distortion constants.

3.3.1 Multipole parameterisation

The conventional parameterisation for atom—diatom systems involves

writing the potential as a Legendre series

V(R,0) = ] V, (R)P, (cos®). | (6)
K

This is completely general, provided the sum over k is taken to.infinity
and no restriction is placed on the form of the functions Vk(R)' As
commonly used, however, the summation is truncated at k==2 or 3 and the
Vk(R) are assumed to have one of the simple well-shaped forms discusséd
above. As will be seen below, this results in a potential with in-
sufficient flexibility in the repulsive region and with large correlation

coefficients between its fitted parameters.



85.

If the multipole parameterisation is truncated at k=3 and each
Vk(R) is expressed as a three-parameter Maitland-Smith or Buckingham
potential, there are twelve parameters which can be varied independently.
For Ar.HCl this proved to be too many to deterﬁine from the experimental
data and some additional constraints were required.. We obtained an
eight-parameter potential by floating the four well depths €, to ¢g,,

the radial position of the isotropic minimum Rm and the isotropic wall

0

parameter m , but contraining the anisotropic Rmk and mk to be the same

for all k>0, that is le= Rm2 = R.m3 and m; = m, = m,.

The leading term proportional to P,(cos 6) in the multipole
expansion of the long-range potential varies as R’ rather than as
R ° [33]. The radial functions for Vl(R)vin the multipole potentials
used here were given this long-range behaviour by replacing 6 by 7

throughout equations (1) and (3). This is formally preferable, but

makes very little difference to any of the observables.

3.3.2 Four-angle parameterisation

The two quantities most precisely defined by the MBER spectra are
the radial position of the equilibrium configuration Re and the angular
curvature of the well near the minimum, but neither of these quantities
is immediately obtainable from the parameters of the multipole potential.
This has the unfortunate consequence that the fitted parameters of a
multipole potential are highly correlated. An alternative approach,
which still gives radial coefficients of the‘Legendre polynomials
Vk(R) in a simple form, is to express the potential at each of several

angles as a well-shaped function and then at each R interpolate between

these angles using Legendre polynomials. The four-angle potential used
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L4 . [ d [ 4 L3 O 0 0
here is obtained by specifying the potential at §=0 , 60 , 120 and

o)
180 as a Maitland-Smith potential and then interpolating using the

first four Legendre polynomials. This gives for the Vk(R)

0] o 0] o)

18V, (R) = V(R, 0 ) + 8V(R, 60 ) + 8V(R, 120 ) + V(R, 180 ), (7)
o 0 0 o}

30V, (R) = 7V(R, 0 ) + 16V(R, 60 ) -16V(R, 120 ) - 7V(R, 180 ), (8)
(0] 0] 0 6] |

18V, (R) = 8V(R, 0 ) - 8V(R, 60 ) - 8V(R, 120 )+ 8V(R, 180 ), (9)
0] 0} ' 0 0]

15V, (R) = 4V(R, O ) -8V(R, 60 )+ 8V(R, 120 ) - 4V(R, 180 ), (10)

with Vk(R)==0 for all higher order Legendre components. This is.a
twelve-parameter potential so that addition constraints are again
required to reduce the number of independent parameters to a manageable
size. None of the data currently available give reliable information on
the shape of the potential near the linear Ar-Cl-H geometry (6==1800),
so we-havé obtained a seven-parameter potential by constraining the

o) : 0]
potential at 8=180 to be the same as 0 =120

0 0 0 ‘ 0 0 o)
€(180 )=e(120 ), R (180 )==Rm(120 ), m(180 ) =m(120 ) (11)
m v

0]
and also requiring Rm and m to vary in the same way as € between O and

0]
120 , in order to minimise unphysical angular oscillations in the

potential

Rm(éoo) - Rm(OO) e(60°) -£(0°)  m(60°) -m(0")

- . (12)
Rm(1200) - Rm(OO) £(120°%) - £(0°) m(120°) - m(0°)

For the four—angle parameterisation the well depth of the spherically
averaged potential VQ(R) is not simply obtained from the potential

parameters; for comparison with the well depth from the differential



cross section data, the well depth of the spherically averaged

potential is taken to be the same as the spherical average of the well

depth
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0 o 0 o :
18¢, O=€(o ) +8e(60 ) +8e(120 ) +¢e(180 ). (13)

1s

oL s -1 . . .
This introduces an error of less than 1 cm ~ into the isotropic well

depth.

3.3.3 Angle-dependent parameterisation

The fitted parameters obtained for the four-angle potential form
are less correlated than for the multipole parameterisation, but the
four—-angle parameterisation does have the disadvantage that épurious
angular oscillations sometimes develop in the potential beyond the
region sampled by the spectroscopic data. This is because the true
potential changes very quickly near'6==0O and the four-angle potential
attempts to model this behaviour using only Legendre terms-up to -
P,(cos ). One way around this problem is to specify each of the
parameters €, Rm and m as an explicit function of 6, so that the
potential is necessarily smooth. Physically, R.m and m are expected to
have one value near the linear Ar-H-Cl geometry (6==Oo), where the
principal repulsive interaction is between Ar and H, and a rather
different value near the Ar.-Cl-H geometry (8==1800), where the Ar-Cl
interaction dominates. Between these limits there will be a fairly

sudden change in Rm and m as the hydrogen end of HCl moves away out of

contact with Ar. We therefore write
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R (8) = R (0°) + AR £(8;¢) (14)
o)

m(0) = m(0 ) + Am £(8;k) | (15)

£(03K) = 1-[%(1+-cosé)]K, (16)

0]
where £(0;X) is a function which is near O close to =0 and then has

3 O ‘
a fairly sharp change to s value near 1 beyond 0=60 . The parameter
K describes the rate at which the changeover from H-like to Cl-like

interactions takes place.

The MBER spectra of Ar-HClkand Ar-DCl are sensitive only to the
potential near the minimum [34], but do provide a very sensitive probe
of the angular curvature of the well near 6==Oo. It is thus desirable
to parameterise the well depth so that this curvature is directly |

reflected in the potential parameters. This may be achieved by writing

€(0) in the same form as Rm(e) and m(6)
£(0) = €(0°) + Ae £(8;)) | (17)

where the shape parameter )\ is optimised indépendently of k. This provides
the neceésary flexibility of £(8) in the region of the absolute minimum,
but forces the well depth to be §-independent near the Ar°Cl-H con-
figuration. As will be seen below, none of the experimental data
currently available sensitively probes the potential in the Ar-Cl-H
region, so that this lack of flexibility does not damage the quality of
fit; mnevertheless, it should be remembered that this form of e(8)

cannot model a second minimum near 6==180o, so that the absence of such

a minimum in our fitted potentials is not evidence against its existence.

This restriction on the potential form will be relaxed in the next
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chapter of this thesis.

The angle-dependent parameterisation provides an algorithm for
evaluating V(R,0) for a specified R and O, but this form is not ideal
for performing bound state or scattering calculations; 1in both cases
the Legendre components Vk(R) of the potential are required, 1in 6rder
to evaluate matrix elements of the potential between spherical harmonic
basis functions. The required components may be exﬁressed as integrals

over the angular potential

| Vk(R) = j k+HVR,H) Pk(cose) dcos 6 ' (18)
-1

and these integrals are readily evaluated numerically using Gaussian
quadrature. The resulting potential has important contributions from
high order Legendre terms, but does not have a correspondingly large
number of parameters. It has been found for Ar+HCl1 that approximately
ten Legendre polynomialé must be included to répresent V(R,0)
accurately in the repulsive region, although convergence is much faster

at larger R.

The well depth of the spherically averaged potential VO(R) is again
not simply related to the potential parameters for this parameterisation.
For comparison with the total differential cross section data [9], we have

taken the spherical average of the well depth

1
€. = 3 j €(0) dcos 6=€(OO)+A8_ A (1)) (19)

1S0
-1
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3.4 Potential optimisation

Least squares fits have been performed using the following four

parameterisations.

Surface Bl. Multipole parameterisation using Buckingham (o - 6)

radial potentials.

Surface MIL. Multipole‘parameterisation using Maitland-Smith radial

potentials.

Surface M2. Four—angle parémeterisation using Maitland-Smith radial

potentials,
Surface M3. Angle-dependent parameterisation using Maitland-Smith
radial potentials.
The parameters defining the best fit surfaces are given in table 2,
and the surfaces are shown in figures 4-6. The fits to the experimental

data are summarised in table 3 and figures 7-9.

3.4.1 Surface Bl

This is a conventional multipole potential, using Buckingham (o - 6)
radial functions and with the Legendre expansion truncated at the
P,(cos 0) term. The anisothpic m and Rm values are constrained as
discussed in section 3.3.1 above. The best fit potential is shown in
figure 4 and the quality of fit is characterised by the sum of squares
of weighted residuals X2==54.0. This may be compared with X2==620 for
surfaée IIb of Holmgren et al. [29], which was obtained by fitting to

the MBER spectra alone.
Surface Bl has three major disadvantages.

(1) The fitted parameters are highly correlated and have corresponding-

ly high standard deviations; the correlation matrix for this
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potential is given in table 4(a). The correlation coefficients
between the anisotropic well depths €, and €,, and between €,
and €, are greater than -0.98, and there are several other

correlation coefficients greater than 0.9.

(2) The angular centrifugal distortion constants De and the high j
rotational line broadening cross sections are noﬁ well reproduced
by this potential. Both these effects occur because the
truncated multipole parameterisation cannot model the shape of
the HC1 molecule in the repulsive region, where the hydrogen
end of-HCI is in contact with Ar and the repulsive component
changes very rapidly with 6. The calculated De Qalueé are too
low because Rm does not decrease fast enéugh as O increases from
02 and the high j line broadening cross sections are dominated by
the repulsive part of the potential energy surface, where the

multipole potential is not sifficiently anisotropic.

(3) The isotropic long range C, coefficient for the Bl surface is

6.56x 10" cm | pme, which is much higher than is expected from
theoretical considerations; Waldman and Gordon [28] have given

a value of 4.53><1O'7cm-1 pm6 based on a Drude model.

All these effects are due to deficiencies in the parameterisation
used and demonstrate that the conventional multipole parameterisation is
not adequate for representing strongly anisotropic intermolecular

potentials.

3.4.2 Surface Ml

This differs from surface Bl only in that the radial functions used

are Maitland-Smith instead of Buckingham (0-6) potentials. The quality
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e . . . ) 2
of fit is very similar, with ¥ =55.8, and surfaces Bl and Ml are almost
identical in the region of the minimum (see figure 4). However, the

| . . . e e . 17 -1 6
long range Ce coeff1c1ent 1s significantly different (4.20%10 cm pm )

and agrees much better with the theoretical estimates. For this reason

Table 2. Parameters of optimised potentials.

Potential Bl

€ = 123.14(2.66)cm_ R . = 386.72(0.84)pm Gg = 16.13(0.5.
€, = 21.70(5.08)cm ® Ro. = 407.36(2.86)pm a, = 16.32(1.9:
_ -1
€, = 27.07(7.39)cm_1 R = 407.36pm 0y = 16.32
€5 = 9.12(4.75(cT R = 407.36pm o3 = 16.32
Ce = 6.56x10% " cm lpm6 X2 = 54.0
Potential Ml
| o -1
€ = 123.99(2.59)cm_1 R . = 387.44(0.85)pm my = 13.61(0.5"
€1 = 20.91(4.84)c:m,_1 le = 406.22(2.81)pm m, = 15.16(1.9:
€, = 27.67(7.18)cm Rmz = 406.22pm mp = 15.16
-1
€3 =  8.48(4.73)cm R s = 406.22pm m; = 15.16
Ce = 4.20><1017cm.—1pm6 X2 = 55.8
Potential M2
0 -1 0 0
€(0 g = 178.77(1.70)cm R (07) = 397.01(0.47)pm m(0) = 15.87(0.4
£(60 ) = 127.42(2.15)em = R _(60°) = 386.83pm m(60°) = 13.55
0 - .
£(120 ) = 113.82(2.02)em = R (120°) = 384.13(0.56)pm m(120°) = 12,93
€(180 ) = 113.82cm R (180°) = 384.13pm m(180%) = 12.93
C 17 =1 &6 -1
6 4.11x10 "em pm €, = 123.5cm X2 = 34.9
Potential M3
0 -1 (o)
€(0) = 180.82(1.52)cm R (07) = 399.97(0.81)pm m(0°) = 16,71(0.7
-1 ‘
Ae = -67.67(0.93)cm AR = 16.69(1.00)pm Am = 3,92(1.1
A = 5,07(0.18) | K = 6,44(0.79)
7 -1 6 -
Ce = 4.12x10"7cm ‘pm® €, = 124.3cm X = 31.1




Maitland-Smith potentials have been used in preference to Buckingham

potentials as radial functions for the four-angle and angle—dependent

potentials described below.
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Table 3. Fits to data from molecular beam spectroscopy
Experi-
mental Un-  Surface Surface Surface Surface
result certainty Bl Ml M2 | M3
Ar*HC1 spectra
B/MHz 1678.511 2.0 1679.26 1679.34 1678.94 1678.92
D /kHz 20.0 0.5 19.85 19.94 19.95 19.80
<P, (cos0)> 0.3406 0.002 0.3383  0.3384 0.3406 0.3404
<P, (cosB)> 0.676  0.05 0.641 | 0.640 0.653 0.656
De/ppm 23.7 2.0 20.50 19.55 24,70 24,32
Ar-DCl spectra
DJ/kHz 17.1 0.5 16.38 16.36 16.34 16.54
<P, (cosB)> 0.5370 0.002 0.5391 0.5388 0.5368 0.5372
<P, (cosB)> 0.834 0.05 0.802 0.802 0.803 0.804
19.0 3.0 14.71 14.11 18.99

Delppm

21.82

3.4.3 Surface M2

This is a four—angle potential with Maitland-Smith radial functions

and fits the experimental data significantly better than the ML or Bl

. . 2 . . . .
potentials, with X =34.9. The final potential is shown 1n two

representations in figures 4 and 5.

The potential parameters are much
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less strongly correlated and are consequently better determined. The
spectroscopic data are much better reproduced than by the multipole
potentials, particularly in the case of the angular centrifugal
distortion constants DG' The high j line broadening cross sections are
also modelled rather better, although the calculated cross sections are

still consistently lower than the experimental values.'

3.4.4 Surface M3

The angle~dependent parameterisation is the most‘physically
reasonable of the parameterisations used here, since it introduces high
Legendre polynomials in a realistic way to model the repulsive part of
the potential. The optimised potential is shown in figures 4, 5 and 6.
The parameters of the fitted potential are reasonably well decorrelated,
as may be seen from the correlation matrix in table 4(b), and the
parameters are well determined. The quality of fit is only slightly
better than for the four—angle potential, with X2==3l.1, but surface
M3 is nevertheless probably the most realistic. The long-range C
coefficient for surface M3 is 4.12><1017cm—1pm6, which is in reasonably

good agreement with the theoretical value [28].






Figure 5, Coefficients of Legendre polynomials Vk(R) for potentials

M2 and M3 for Ar-HC1.
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(a) Correlation matrix for surface Bl

80 81 182 €3 In0 m1 Rmﬂ le
€, 1.00
€, 0.52 1.00
€, -0.46  -0.99 1.00
€, 0.48 0.96 -0.99 1.00
m, 0.62 0.43 -0.36  0.39 1.00
m, ~0.66 -~ -0.92  0.87 -0.85 =-0.57 1.00
R -0.60  -0.86  0.81 -0.82 }—0.61 0.88 1.00
le 0.75 0.80 =-0.74 0.75 0.73 -0.95 -0.85 1.00
(b) Correlation matrix for surface M3
e0)  Ae A m©) im R (0) AR <
€00)  1.00
Ae 0.22 1.00
A 0.08  0.17 1.00
w(0) =-0.17 ~-0.84  0.14 1.00
Am 0.28 0.90 -0.13 ~-0.91 1.00
Rm(OO) 0.32  -0.13 -0.27 0.15 0.03 1.00
AR -0.34  -0.06  0.25 0.0l -0.19 -0.88  1.00
K 0.14  -0.58 =-0.19  0.58 =-0.43  0.76 -0.49  1.00
3.5 Sensitivity of potential parameters to observables

The molecular beam spectra demonstrate unambiguously that the

absolute minimum in the potential is at (or very near) a linear

configuration and is very probably Ar-H-Cl rather than Ar-C1-H.

The



102.

difference in expectation values of P,(cos 0) between Ar-HCl and

Ar-DC1 indicates that wide amplitude bending motion is taking place and
the amplitude is expected to be larger for Ar-HCl than for Ar-DCl because
of the difference in rotational constants between HCl and DCl. The
magnitude of the isotope effectAin <P, (cos 0)> confirms that the
equilibrium angle is close to Oo (or,1800). The angular expectation
values themselves do not discriminate between the Ar+H-Cl and Ar-Cl-H
equilibrium geometries, but this information may be obtained from the

angular centrifugal distortion constants Dq (see section 3.5.5 below).

Considerable physical insight may be gained from the Jacobian
matrix for surface M3: that is, the matrix of partial derivatives of
expérimental observables with respect to potential parameters. This
matrix is given (for selected observables) in table 5 and may be used
to establish which experimental observables influence which parameters

of the optimised potential.

0
3.5.1 Absolute well depth €(0 )

The absolute well depth is mainly determined by the secoﬁd virial
coefficients, particularly those for low temperatures. Second virial
coefficients are principally a measure of the volume of the well, but
the position of the absolute minimum'Re and the radial and angular
curvatures of the well near the minimum are accurately detérmined by the
MBER data, so that the influence of the second virial coefficients in

our fits is primarily on the well depth.

The molecular beam total differential cross sections were also
introduced as a constraint on the well depth, as discussed in section

3.1.4 above, and together with these other data produce an absolute well

*
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depth of 180.8 cm.-1 for the M3 potential, corresponding to an isotropic
well depth around 124 cmfl. If the differential cross sections are
omitted from the fit, the resulting well depth is 178.0 cmfl, with
small changes in the other parameters. A detailed analysis of the
differential cross sections is required to establish whether fhe fitted

potentials are capable of reproducing the experimental results.

It may be noted here that the standard deviations quoted for the
fitted potentials parameters in table 2 are a measure of the sensitivity
of the parameters to random errors in the data; if systematic errors
are present, the potential parameters may Vafy By much larger amounts.
Nevertheless, the well depth obtained here is almost certainly
accurate to *10 cm—l. The very large well depths for Ar-HCl that have
been obtained from the temperature dependence of intensities of infrared
spectra [11-13] are incorrect; these data have recently been reanalysed
by Boom [35] to give a well depth of 233% 25 cm for Ar-HC1, which is in

much better agreement with the value obtained here.

3.5.2 Well depth anisotropy, A€ and A

These are principally determined by the spectroscopic expectation
values of Pz(cosf)), which are obtained from Cl nuclear quadrupole
coupling constants in Ar-HCl and Ar°DCl. The <P {cos8)> values for
both isotopic species are strongly affected by Ae, since an increased
(more negative) Ae results in stronger confinement of the HC1
molecule near the linear Ar-H-Cl configurétion. The angular well width
parameter A\ affects the two isotopes by‘very different amounts; an
increase in A increases the value of <P,(cos 8)> for deuterium much

more than that for the hydrogen species. The well depth anisotropy is
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thus determined by the average of the Ar-HCl and Ar-DCl <P,(cos6)>

values whereas the width parameter A is determined by the isotope

effect in <P,(cosB)>.

It is also interesting to note the effeét of Ae on the line
broadening cross secticns; the 1owvj cross sections are somewhat
sensitive to Aeg, increasing with increasing anisdtropy, but the high j
cross sections are almost completely insensitive. This is because the
anisotropy in the well region is a slowly varyiﬁg function of R, so
that the well region cannot provide a sufficiently fast-varying
anisotropy to cause inelastic transitions in high j states of HCl; in
order to broaden the high j rotational lines, a short-lived impulsive
perturbation is required and this can be provided only by the anisotropy
of the repulsive wall. Even the low j linewidths are not strongly
affected by the well depth anisotropy, which explains why Ar°HC1
potentials derived principally from line broadening data [6, 22] have

failed to reproduce the MBER spectra.

' 0
3.5.3 Radial curvature parameters m(0 ) and Am .

These are principally determined by the spectroscopic centrifugal
distortion constants Dys since an increase in m results in a larger
stretching force constant for the van der Waals bond and a reduced
centrifugal distortion constant. The second virial coefficients are
also affected by m, as mentioned above, but the influence of the
centrifugal distortion constants is dominént. The DJ values for the

0
hydrogen and deuterium complexes are affected similarly by m(0 ), but

Am influences the hydrogen D_ value more than the deuterium constant;

J

this is because the amplitude of bending motion is larger for Ar-HCl
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than for Ar-DCl, so that the Ar*HC1 D_ constant samples the radial

J
curvature of the well over a larger angular range.

The effect of the radial curvature parameters on the line broaden-
ing cross sections is also of interest. The effect of increasing m(O )
here is to steepen both the isotropic and the anisotropic repulsive
walls; the peék anisotropy for a given collisiqn is not greatly
changed, but the time spent on the repulsive wall is decreased. This
increases the high frequency Fourier components of the anisotropy at
the expense of the low frequency components and thus increases the
probability of inelastic collisions for HCl molecules in high j states,
while decreasing the probability of inelasticity for molecules in low
j states. The overall effect of an increase in m(OO) is thus to
decrease the low j line broadening cross sections and increase the

high j cross sections.

0]
3.5.4 Equilibrium distance Rﬁ(O )

As discussed above, the equilibrium configuration of the complex
is linear, Ar*H-Cl. The rotational constant of the Ar-HCl complex is
a measure of the vibrationally averaged moment of inertia in the ground
vibrational state and so provides a very accurate measure of the

equilibrium distance at 6=0 .

3.5.5 Well position anisotropy AR and shape parameter K

AR and K are principally determined by the angular centrifugal

distortion constants D, and by the line broadening data. The quantity

0

Dy measures the change in angular curvature of the well with R and this
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is closely related to the behaviour of Rm(e) in the classically allowed
region 6<1800. As is clearly shown by our fits, a large positive
value of D6 requires that Rm decrease sharply as O increases from O

and this is physically reasonable only for the Ar-H-Cl configuration,
where the hydrogen end of HCl is in contact with the Ar atoﬁ. If the
equilibrium configuration were Ar-Cl-H, Rm(e) near equilibrium would

be relatively insemsitive to changes in 0, producing much smaller

values of De.

Changes in R.m with 0 also strongly affect the anisotropy of the
repulsive wall, so that the rotatiomal linewidths increase as AR
becomes greater (more negative). The observation that the linewidths
decrease as K increases is surprising, since this would, at first
sight, be expected to increase the probability of inelastic collisions.
The effect probably occurs because inéreasing K increases the
magnitude of high order Legendre terms in the potential anisotropy at
the expense of low order terms and it is the low order anisotropies,
PI(QOSG) and Pz(cose), that are most effective in causing line

broadening.

3.6 Conclusion

The potential surfaces for Ar-HC1 obtained in this chapter give
good fits to the molecular beam spectra, rotational linewidths, second
virial coefficients and molecular beam total differential cross sectionms.
The general features ofvthe potential are unambiguously determined:
the equilibrium configuration is linear, Ar°H—CI, at an Ar-HC1 centre
of mass distance of 400 pm, and the radial position of the minimum Rm(e)

decreases sharply as the complex is bent away from its equilibrium
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configuration.

The data from different experiments are to a large extent
complementary; the MBER spectra determine the shape of the well near
the absolute minimum, the rotational line broadening data are
principally semsitive to the anisotropy of the repulsive wall and the
second virial coefficients and differential cross sections provide
information mainly on the depth of the potential well. The only
feature of the intermolecular potential which is poorly determined is
the depth of the well near the linear Ar-Cl-H configuration, which is
not probed by the Ar-HCl complex in its ground vibrational state. This

restriction will be investigated in the next chapter.
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CHAPTER 4

RARE GAS - HYDROGEN CHLORIDE SYSTEMS

In the preceding chapter, anisotropic intermolecular potentials for
Ar-HCl were obtained by simultaneous least squares fitting to rotational
spectra of the bound Ar-HC1 complex [1-3], pressure broadening of HCI
rotational lines by Ar [4-6], second virial coefficients of Ar+HC1l
mixtures [7] and molecular beam total differential cross sections [8].
The different sets of data were to a large extent complementary, and the
resulting potential was well determined over a large area of configuration
space. The equilibrium geometry was found to be linear, Ar-H—Ci, at an
Ar - HC1 centre of mass distance of 400 pm, with a well depth around
180 cm '. The only remaining uncertainty was in the well depth near the
linear Ar-Cl-H configuration; the best fit potential did not have a
secondary minimum here, but such a minimum was not excluded by the

experimental data.

The purpose of this chapter is to extend this work to the systems
Ne-HCl; Kr-HC1 and Xe;HCl. Rotational spectra of all these complexes
have been observed in molecular beams [9-14], and far infrared line
broadening data are also available [4,15]. It is found that several of
the potential parameters are independent of the rare gas, while others
follow clear trends down the series. In addition, the Ne:-HCl spectra
demonstrate that the Ne+HCl complex does have a shallow secondary minimum -
at the Ne*Cl-H configuration, so that similar behaviour may be expected
for the other complexes. This information %s used in deriving potentials
for Kr-HCl and Xe-HCl, and a revised Ar-HCl potential incorporating this

feature is also presented.
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4.1 Isotope dependence of the intermolecular potential

Before considering intermolecular potentials for individual systems,
a minor improvement used in this chapter for interpreting spectroscopic

rotational constants of van der Waals complexes will be described.

For most of the spectroscopic parameters, the dependence of the
intermolecular potential on the isotopic species involved may safely be
neglected, but this is not the case for the rotational constants. The
rotational constant of a van der Waals molecule is related to the
expectation value <1/R2>, involving an average over the wide—amplitude
vibrations of the complex. The zero—pdint vibrétional amplitude of the
DC1 molecule is smaller than that of the HCl1l molecule, so that the DCl
molecule is effectively-smaller than HCl: the values of rj obtained from
the rotational constants of HCl and DCl are 128.387 and 128.124 pm
respectively. This will produce a smaller value of the equilibrium
separation Rm(OO) in DC1 complexes compared to the corresponding HCl

complex, with a correspondingly larger rotational constant than would

otherwise be expected.

In chapter 3, the rotational constant of Ar-DCl was omitted from the
least squares fits because of this effect. However, it is poésible to
correct for this on a more quantitative basis, and include a (modified)
rotational constant.for DCl complexes in the least-squares fits. The
decrease in effective size is expected to be largest at6==0O (linear
Rg-HC1), and very small at the T-shaped geometry. It is thus possible to
calculate rotational constants for the Rg:DCl complexes both on the

Rg-HC1 surface and on a modified surface appropriate to the deuterium

complex, according to the prescription

D 0 H .0
Rm(0)=Rm(o)~6 | (1)
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D 0 )
R (90) = Rz (90°) (2)

with all the other potential parameters unaltered. The quantity 6 is
0.252 pm for HC1l complexes. The experimental‘rotational constants for
the Rg-DC1 éomplexes may then be corrected by the differences bétween
these two calculated values. The corrections appropfiate to Ne-DC1,
Ar-DC1l, Kr-DCl and Xe*DCL are given in Table 1; the corrected values

given in the table were used in the least squares fits described below.

Table 1. Corrections applied to rotational constants

of DCl complexes (MHz)

experiment correction corrected value
Ne-D Cl 2698.1373 1.70 2696. 4t
35 '
Ar-D C1 1657.627 1.44 1656.19
84 35
Kr-D C1 1183.7728 1.05 1182.72
'2%%e-p*°cC1 979.4096 0.93 978.48

4,2 Ne-HC1

The.rotational spectra of the Ne-HC1 [9] and Ne-DCl [10] van der
Waals complexes have recently been measured, and information is also
available on the broadening of HCl far infrared spectra by Ne [15]. The
spectra of the Ne:HC1l (DCl) complexes are qualitatively different from
those of the other complexes considered here, because of the much lower
anisotropy of the intermolecular potential f;r Ne:HCl. 1In Ne-+HCl, the
barrier to internal rotation of HCl is comparable with its rotational
constant, so that the motion}is better regarded as a hindered rotation,

rather than as a wide amplitude vibration. The spectra are thus sensitive
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to the entire range of the angular coordinate 8, enabling information
to be obtained on the potential near the linear Ne.Cl-H configuration;
similar information is not directly available for the more anisotropic

complexes Ar+HC1l, Kr+HCl and Xe-HC1.

4.2.1 Parameterisation of the potential

In chapter 3, it was concluded that the most satisfactory para-
meterisation of the intermolecular potential was to express the
potential at each angle 6 in the Maitland-Smith form [16], and to write
the parameters of the Maitland-Smith potential as explicit functions of
0. vThis approach is retained in the present chapter, although the

functional forms used for €(8) and Rm(e) have been modified.

Since the spectra of Ne+-HCl and Ne+DCl are sensitive to the ﬁhole
angular range of the potential; a parameterisation of the weli depth
function €(08) in terms of the depth and width of a single angular well
is not appropriate. Even if the parameterisation is modified to
incorporate a secondary minimum at the Ne.Cl-H configuration, as for
Ar-HC1 below, the fitted parameters obtained for Ne-HCl are highly
correlated. In order to obtain a more suitable parameterisation of €(0),
it is necessary to investigate how the spectroscopic parameters are
related to potential featurés in the weakly anisotropic case. The well
depth function €(0) is principally determined by the angular expectation
values; for very low anisotropies, perturbatioﬁ theory may be used to
obtain expressions for the expectation values of PI(COSG) and P, (cosd),
starting from the isotropic limit. The leading terms in the expressions

obtalned are

i=0p (eos0)|j=1) (i=1{v(®)]i=0)
(B (cos@)) = 3
' b
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i =0|P, (cos8) | =2 (j=2|v©®)|5=0 '
<P2(cosex> _ < g \COS IJ > <J l IJ > “
3b

where b is the rotational constant of the diatomic molecule, and the
effects of wide amplitude stretching motion have been neglected. If the

potential V(8) is expanded in terms of Legendre polynomials
V() = E Vk Pk(cose) (5)

the matrix elements of V(8) appearing in equations (3) and (4) are
directly proportional to V, and V, respectively. Although the anisotropy
in Ne*HCl is too great for these expressions to hold accuratély, a
parameterisation of the potential in terms of the Legendre components

of the well depth function neverﬁheless yields well determined

parameters
€(8) =) e, Py (cosb) | (6)
k .

and this form of €(6) has been used for Ne+*HCl. The summation over k
was truncated at the €, term, since inclusion of €, did not improve the

quality of fit by a statistically significant amount.

Preliminary fits to the data for Ne-HCl indicated the presence of a
subsidiary minimum around 6==1800; before describing the parameteris-
ations used for m(9) and Rm(e), the probable origin of this potential
feature will be examined. It is at first sight surprising that a
significant minimum should exist at Rg+«Cl-H éeometry, since the
attractive forces are not expected to be very anisotropic in this region
[17]. However, inspection of a charge density contour diagram for HC1

(figure 1) shows that the electron density is concentrated away from the
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molecular axis, so that a rare gas atom can approach closer to Cl in the
linear Rg-Cl-H configuration than is possible in the T-shaped geometry.
The attractive forces at this smaller distance are significantly

0
greater than at 0=90, giving rise to a minimum at the linear geometry.

The functional form previously used for Rm(e) has therefore been

. [d Ld O
altered to incorporate this behaviour around 6 = 180 ,

R (8) = R (0)) + AR, £(83¢) + AR, g(0) )

0
where g(6)==c0326, 6>90

0
g(6) =0, 6<90 .

The function g(B) has the required behaviour; it is 1 near 6==1800, and
goes smoothly to zero at 9==90o. AR, is not experimentally accessible
for any of the complexes considered here, but it may be estimated from
the theoretical charge density distribution for HCl. We have estimated
AR, for HCl from the contour plots of Cade etkal. [18], and obtained a
value of -16 pm relative to the HCl centre of mass. AR, has been fixed

at this value for all the complexes of HCl considered here.

The functional form used for m(0) here is the same as for Ar-HC1

in chapter 3
m®) = m(0) + Am £(03€) (8)

except that £ was not constrained to be the same as g (for Rm(e)).

The experimental data for Ne-HCl are not as extensive as those for
Ar-HCl; in particular, there are no data semnsitive to the absolute well
depth. The centrifugal distortion constants DJ are principally

sensitive to the radial curvature of the well near the van der Waals
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minimum, which in turn depends on the well depth and the wall parameter
m(0). There is evidence from studies of rare gas pair potentials [19]
that the wall parametef does not change greatly with the rare gas
involved, and we have accordingly fixed m(Oo) and Am for Ne-HCl at values
similar to those determined for Ar-HCl1 below. The parameters K and §
were also fixed at the Ar-HCl values, since they are principally

determined by the shape of the HCl molecule.

4.2.2 Potential optimisation

A simultaneous least squares fit has been performed to the 12
parameters. obtained from the MBER spectra of the Ne.-HCl and Ne-DCl
complexes [9,10] and the 7 far infrared line broadening cross sections
for HC1 perturbed by Ne [15]. Scott has given the experimental
uncertainties in his line broadening cross sections as *5 to 10%, which
is Smaller than the computational uncertainties. The estimated
computational uncertainty of *3 8% has accordingly been used for all the
line broadening cross sections for the Ne-HCl system. The parameters of
the fitted potential (which will be referred to as the M4 potential) are
given in table 2, and a contour plot is shown in figure 2. The fit to
the molecular beam spectra is summarised in table 3, and the fit to the
rotational line broadening data is shown in figure 3. The sum of the

2,
squares of weighted residuals ¥ 1is 13.1.

Table 2. Parameters of M4 potential for Ne-HCl

1

- 0 : 0 ,
€, = 47.62 (0.89) cm Rm(O ) = 379.01 (1.48) pm m(0 ) = 22.2
e, = 5.67 (0.18) cm = AR =-11.92 (1.72) pm  Am = -9.6
€, = 14.07 (0.31) em =« = 12.7 - £ = 16.4

AR, =-16.0 Y = 9.0
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Hel vt

Figure 1. Contour plot of the total charge density in HC1.
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o)
The potential around 6 =0 has the same general form as the
potentials for Ar-HCl, Kr-HCl and Xe'HCl obtained below. The well depth

1 - 0
, compared with 40.6 cm ''at =90 . The model

at 9==180O is 56.0 cm
used for the origin of the secondary minimum may now be tested, since
it predicts that the long range C, coefficients at 6==9OO and 1800 will
be approximately the same. For a Maitland-Smith potential, the Cg

coefficient is given by

6
Ce = R . | (9)

. . 17 6

The values obtained from this formula are 1.00X 10 cm ' pm and 1.06 X

17 —~1 6 0 0 . « 4 s 1
10 cm * pm at =90 and 180 respectively; considering the roughness
of the model, these are remarkably similar. These values may also be
compared with C; coefficients for the Ne-Ar interaction, which would be
expected to be similar to the Ne-Cl interaction. The Cg value obtained

. . . . 17 =1 6

from a Maitland-Smith potential for Ne-Ar [19] is 1.09%X10 'cm = pm ,
whereas the accurate value (from oscillator strength sum rules [20]) is

17 =1 6
0.99x10 cm pm.

4.3 The subsidiary minimum at 6 =180

The presence of a subsidiary minimum in the potential surface for
Ne-HC1 strongly suggests that such a feature will occur also for Ar-HCI,
Kr-HC1 and Xe-HCl. For Ar-HCl, there are also two additional pieces of

information which suggest the presence of-a secondary minimum

1)  Buck and Schleusener [21] have carried out coupled states calculat-
ions of total differential cross sections for Ar-HCl on the M3

potential of chapter 3, and for the HWK potential, and their results
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are shown in figure 4. The M3 potential accurafely predicts the
experimental position of the rainbow maximum and the magnitude of
the high angle (inelastic) scattering, but the amplitude of the
rainbow is better reproduced by the HWK potential. Pack [22] has.
shown that damping of rainbow oscillations is caused by the
anisotropy of the well depth function, so that the presence of a
secondary minimum may be expected to improve the fit to the

molecular beam scattering data,

2) The ab initio potential of Vliegenthart and Rozendaal [23] has a
substantial second minimum, which may also be attributed to closer
approach of Ar to Cl at the linear geometry than is possible at
6==9OO. The VR potential is quite accurate near the linear Ar-H-Cl
geometry; it is likely to be reasonably accurate near the linear

Ar-Cl-H geometry also.

The‘experimental data for the systems Ar-HCl, Kr.HCl and Xe*HCl are
relatively insensitive to the presence of such a secondary minimum, so
that its characteristics must be fixed‘in the least squares fits. For
these more strongly anisotropic systems, the parameterisation of € (8)
in terms of the depth and width of the principal angular well has been
retained, but an additional term has been introduced to produce a
secondary minimum in such a way that its depth can be fixed independently

of the other potential parameters
o)
e(0) = €(0 ) + Ae; £(8;A) + Ae, g(b) (10)
where g(6) is again the function defined following equation (7). The

quantity Aec, has been estimated by assuming that the long range Ce

0 0]
coefficient is the same at 6 =90 and 180 , so that
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6
€(180°) R (90°)
-‘—‘**O——— = 5 (11)
£(90 ) R_(1807)} .

This model is likely to be valid if the attractive potential is
dominated by dispersion forces; this approximation will be considered
in more detail in chapter 6. Ae, for each complex was determined from
equation (11) for a preliminary potential, and then fixed in the final
least squares fits. The values obtained by this method were 34 cm—1
for Ar-HC1l, 39 em for Kr+HCl, and 43 em | for Xe-HCl. It shquld be
emphasised that these values are only estimates, and may very well be
in error by up to 50%; however, fixing Ae, at the value determined in

this way is preferable to excluding the possibility of a secondary

minimum altogether.

A second potential for Ne-HCl (M5 potential) has been obtained
using this revised parameterisation, since this allows a more direct
comparison with the Ar-HCl, Kr+HCl and Xe'HCl potentials obtained below.

Ae., for Ne.HCl was fixed at 14 cm . The parameters of the resulting

2
potential are given in table 4, and a contour plof is shown in figure
5. The quality of fit is characterised by X2==11.6, which is

comparable with that for the M4 potential above, and it may be seen from
figures 2 and 5 that the two potentials are very similar. Nevertheless,

the M4 potential is the recommended potential for Ne-HCl, since the form

used for the well depth function £(6) was less restrictive in that case.

4.4  Ar-HCl

A least squares fit to the data for Ar-HCI has been performed using

the modified parameterisation described above. Thé values of the
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experimental observables input to the fit were exactly the same as those
used in chapter 3, but the (modified) Ar-DCl rotational constant given‘
in table 1 was also included. The parameters of the fitted potential
are given in table 4, and a contour plot is shown in figure 5. The

fit to the MBER spectra is summarised in table 3, and the fit to the
line broadening cross sections is shown in figures 6 and 7. The fit to
the second virial coefficients is very similar to that for the M3

potential (figure 9 of chapter 3). The sum of squares of weighted

2
residual X was 31.4.

Apart from the secondary minimum at 6==1800, this new Ar-HCl
potential (M5 potential) is very similar to the M3 potential derived in
chapter 3. The quality of fit is very similar, although the M5
potential does reproduce the high j infrared linewidths and the Raman
linewidths more accurately than the M3 potential. These were the only
respects in which the observed and calculated quantities for the M3

potential appeared to differ systematically.

The Ae, parameter of the M5 potential is considerably larger (more
negative) than Ae for the M3 potential, but this arises largely from the
change in parameterisation rather than from a change in the shape of the
potential for Oo<<6<:900. The saddle point in the M5 poténtial occurs
at 6==1OOO, and is 76 cm  above the minimum; this may be compared with
a barrier to internal rotation of HCl of 67.7 cm & for the M3
potential. The shape parameters K and £ are also significantly larger
for the M5 potential, so that the functions m(6) and Rm(e) change more
rapidly as 6 increases from OO., This arises because the M5 potential
has a significant repulsive anisotropy in the regioﬁ 900<16<:18OO which
was not present in the M3 potential, so that a smaller anisotropy around

o . . . . . .
©=0 1s required to fit the far infrared linewidths.



Table 3.

Ne-H® Cl

Experimental
M4 potential
M5 potential

Uncertainty

Ne°D35C1

Experimentél
M4 potential
M5 potential

Uncertainty

Ar-H’°Cl
Experimental
M5 potential

Uncertainty

35

Ar-D Cl
Experimental
M5 potential

Uncertainty

Kr-H'°Cl
Experimental
M5 potential

Uncertainty

B/MHz

2731.44
2735.6
2732.9

6.0

2696.44

2694.4

2695.7

6.0

1678.511

1679.5

2.0

1656.19
1655.5

2.0

1200.624

1199.7

3.0

DJ/kHz

206.

206.

183.
182.

183.

20.

20.

17.

16.

7.34

7.66

07

0.2

<Pl(cose)> <P2(cose)>

0.200

0.185

0.188

0.008

0.4203
0.427
0.425

0.008

0.6733

0.653

0.8331
0.808

0.027

0.7659

0.731

0.032

0.0812

0.0788

0.0782

0.004

0.1972

0.1963

0.1968

0.004

0.3406

0.340

0.002

0.5370

0.538

0.002

0.4324
0.429

0.040

Fits to parameters from molecular beam spectroscopy

Da/ppm

14.6
12.3

10.0

73.2
62.5
53.4

10.0

23.7

21.0

19.0
19.1

3.0

10.8
8.8

1.5



Table 3 (continued)

B/MHz
35
Kr-D C1
Experimental 1182.
M5 potential 1182.
Uncertainty 3.
35
Xe-H C1
Experimental 994,
M5 potential 994.
Uncertainty 1.
35
Xe-D Cl
Experimental 978.
M5 potential 977.

Uncertainty 1.

72

145

48

DJ/kHz

6.51
6.37

0.2

3.813
3.94

0.1

3.452
3.31

0.1

<P1(cos6)> <P2(c036)>

0.8799
0.844

0.040

0.8297

0.792

0.872

0.

0.

6055

.607

.002

5141

.513

.002

.6650
.666

.002

127.

Delppm

10.7
7.3

3.0

5.5

2.0

4.6

2.0
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Figure 7. Comparison between experimental and calculated pure

rotational Raman line broadening cross sections for HCl
perturbed by Ar. The points with error bars are the

experimental results, and the solid line is calculated

- using the M5 potential.

130.



131.

4.5 Kr-HC1 and Xe°HCl

Microwave and radiofrequency spectra of the Kr-HC1 [11,12] and
Xe*HC1 [13,14] van der Waals complexes have been reported, and limited
data are also available for far infrared lines of HCl perturbed by Kr
and Xe [4]. The data are not sufficiént to determine as many ﬁotential
parameters as for Ar-HCl, but nevertheless contain considerable
information on the intermolecular potentials. In the least squares fits
described below €(Oo), Ae,, A, Rm(OO) and AR, have been floated, and
the parameters m(Oo), Am, K, & and AR, have been fixed at the Ar-HCl

values., The values of Asz were estimated as described 1n section 4.3.

The parameters of the fitted potentials are given in table 4, and
contour plots are shown in figure 5. The fits to the MBER data are
summarised in table 3, and the fits to the line broadening cross
sections are shown in figure 3. Thé X2 statistic was 45.6 for Kr-HCL
(20 data points) and 34.7 for Xe-HCl (12 data points). For Kr-HCl, it
may be noted that more than half of the totaleZ}arises from a single
data point (j=3->4 far infrared linewidth at BOOK),.and it seems

possible that this measurement is in error.

None of the data for Kr+-HCl and Xe-HCl are directly sensitive to
the absolute well depths e(Oo), so that these qﬁantities are not
reliably determined. They were floated in the least squares fits in order
to gain the flexibility necessary to fit the spectroscopic centrifugal
disortion constant DJ, which are determined by the radial curvatufe of
the potential near the minimum. However, the curvature is also
dependent on the repulsive wall parameters‘m(Oo) and Am, which were
fixed at the values determined for Ar*HCl. There is evidence from work

on the rare gas pair potentials [19] that the wall parameter is approxi-

mately independent of the rare gas involved, but the values of e(Oo)
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Table 4. Parameters of M5 potentials for rare gas - HC1 systems.

Quantities in brackets are one standard deviation.

Ne<HC1 Ar-HC1l Kr+HCl Xe-HC1

0] -
€(0 )/cm ' 68.22 (0.93) 180.51 (2.72) 213.86 (6.18) 263.61 (10.08)

Ae /em = -28.72 (0.28) -79.35 (4.56) -97.05 (3.19) -127.60 (7.89)
A 4,62 (0.18)  4.04 (0.31)  4.61 (0.37)  4.66 (0.59)
Ae,/em = 14.0 34.0 39.0 43.0

Rm(OO)/pm 376.38 (1.36) 400.93 (2.93) 409.90 (1.81) 427.42 (2.20)

AR, /pm ~8.87 (1.59) -12.34 (2.77) =9.40 (2.94) =-11.71 (4.06)
K 12.7 12.11 (5.83) 12.7 12.7

AR,/pm  -16.0 ~16.0 ~16.0 -16.0

(0]

m(0 ) 22.2 22.39 (2.93) 22.2 22.2

Am -9.6 -9.93 (2.52) -9.6 -9.6

£ 16.4 17.25 (9.66) 16.4 16.4

% 9.0 9.0 9.0 9.0

determined here for Kr-HCl and Xe'HCl are nevertheless strongly
o
correlated with the values assumed for m(0O ) and Am. Further experiments

are necessary to provide reliable information on the absolute well

depths.

4.6  Comparison of potentials

The potentials obtained for the four rare gas — HCl systems may be

seen from figure 5 to be very similar in form. It has been found for
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the rare gas pairs that the potentials for different systems are very
nearly conformal, differing only in energy and length scaling factors
[24]; this gives rise to the principle of corresponding states for gas
phase properties, whereby the equation of state and transport
properties, in reduced units, are the same for all conformal systems.

It is of interest to investigate to what extent a similar conformality
principle holds in anisotropic systems. Tang and Toennies [25] have
investigated the rare gas - H systems from this point of view, and
found that both the isotropic and anisotropic potentials were
individually nearly conformal, although the ratio of the anisotropic and
isotropic well depths 32/80 was different for different rare gases. For
the rare gas - HCl potentials obtained here, some parameters were
constrained to be conformal as described above, but the most important
potential parameters were determined independently for each system, so
that the potentials for the different rare gases may.reasonably be

compared with one another.

4.6.1 The repulsive potential

The repulsive interactions are principally characterised by the
value of R at which the potential passes through zero at each angle 6.
This quantity is denoted 0, and is most usefully referred to the
distance of the rare gas atom from the H or Cl nucleus as appropriate,
rather than to the distance from the centre of mass of the HCl
molecule. At the linear Rg-H-Cl geometry the repuléive forces are
dominated by the Rg'H interaction; values of the quantity g(Rg-H) are
given for the M5 potentials for the four systems in table 5. Also

tabulated is s which is a measure of the effective radius of the
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Table 5. Derived potential parameters (see section 4,6 for explanation)

Ne .HC1 Ar HC1 Kr.HC1 Xe ,HC1
0 (Rg-H) /pm 221.9 2447 252.8 268.9
ry/pm 83.8 77.2 73.8 . 74.8
o(Rg-Cl) /pm 326.7 345.4 356.0 369.6
rcl/pm 188.6 177.9 177.0 175.5
barrier height/cm & 27.87 76.10 94.30 124.27
. 0 .
barrier/e(0 ) ' 0.41 0.42 0.44 0.47
0 17 -1 &
C. (90 )/10" "cm pm 1.00 3.66 4.98 7.28
17 =1 6 '
Cs(Rg-Ar)/lO ‘cm pm 0.99 - 3.26 4,56 6.84

hydrogen atom in HC1l and is defined by

g(Rg-H) = ng + ry

where ng is obtained from the appropriate rare gas pair potential [19]

1 .
Rg  ? o(Rg*Rg) .

r

The values ofrH decrease steadily down the series from Ne to Xe, as the

influence of the attractive forces increases. All the values of r, are

markedly smaller than the corresponding values for the rare gas — H,
complexes [26]: in Ar-H,, for example, ry =‘115 pm. The attractive
forces in Ar*H, are similar to those in Ne-HC1l, so that this reduction
in ry reflects a real decrease in the "size" of the hydrogen atom in
HC1 compared to that in Hé.
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The repulsive forces due to the Rg-Cl interaction may similarly be
characterised by d(Rg'Cl), which is most reliably determined from the

. 0]
potential at 6=90 . This may be partitioned in the same way as before

O(Reg" =
(Rg*Cl1) ng + o1

1 o1

decreases steadily from Ne to Xe as the attractive forces increase in

and values of 0(Rg'Cl) and r., are given in table 5. again
importance. It is slightly larger than LI (167.5 pm) for all the complexes
considered here, but this is partially an artefact of considering the

0 o, . :
potential at 6 =90 : To1 at 86=180 1is approximately 20 pm lower, which

accounts for most of the differences. The chlorine atom in HCl 1is to a

reasonably good approximation the same size as an argon atom.

4.6.2 The attractive potential

The most striking feature of all the potentials is that.the minimum
is at 9==Oo, despite the repulsive forces due to hydrogen, but there is
no evidence for a corresponding peak in the coefficients of the long
range attractive forces near 6==1800. Although there is probably a
secondary minimum around 6==1800, it appears to arise froﬁ a decrease in
the repulsivevforces there, rather than from increased attractive forces.
This supports a site—site model for the attractive potential, with

approximately additive Rg°H and Rg°Cl attractive forces.

. 0
On this model, the attractive potential at 6=90 would be dominated
by the Rg-Cl dispersion forces, which would be expected to be similar to
the near-isoelectronic Rg-Ar dispersion forces. The long range C,

coefficients for the Rg*Ar interactions may be accurately calculated from
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oscillator strength sum rules [27], and the C_ coefficients for the
Rg-HC1 potentials at 6==90o may be estimated from equation (9). This
relationship relies on the validity of the Maitland-Smith potentiallfor
the rare gas - HC1 systems, which is not fully established. Nevertheless
the prescription yields semiquantitative values of C,(Rg-Cl), and these
are compared with values of Cg(Rg-Ar) in table 5. The values obtained
agree to within 157, which supports the model of additive atom—centred

dispersion forces.

The anisotropy of the attractive forces is conveniently characterised
by the height of the barrier to internal rotation of HCl in the complex,
defined as the energy difference between the saddle point in the
potential near 6==90é and the absolute minimum. This quantity is
tabulated in table 5. The ratio of the barrier height to the absolute
well depth increases steadily from Ne to Xe for these potentials,
although it 1is possible that this is due to uncertainties in the
optimised values of E(OO). A similar result was obtained by Tang and
Toennies [25] for the rare gas - H, potentials, where the ratio of the
anisotropic and isotropic well depths €,/e, increased steadily from
0.075 fofHe*H2 to 0.119 for Xe*H,. The potential surfaces for rare gas -
HC1 systems alone are not sufficient to establish the detailed origin
of the attractive forces near 6==OO, and a discussion of this will be

postponed until the next chapter, where results for HF and HBr complexes

are analysed.

4.7 Vibrationally excited states

Molecular beam spectra of rare gas — HCl complexes are available only

for the vibrational ground state of each complex, and this limits the
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region of the potentials which can be reliably determined from the

spectra. However, an experiment currently being developed [28] should
allow the observation of spectroscopic transitions involving excitation
of the van der Waals vibrational modes at high resolution, and it is of

interest to investigate how such spectra would be related to the

intermolecular potential.

As discussed in chapter 2, the energy levels of rare gas - hydrogen
halide complexes are characterised by three approXimate quantum numbers,
in addition to the total angular momentum J. These are a bending quantum
number b, which correlates in the isotropic 1imit-with the HCl rotational
quantum number j; the helicity quantum number K, which is the projection
of both J and j onto the molecular axis; and s, the stretching quantum
number for the van der Waals bond. The most inﬁense spectroscopic
transitions between these states are expected to be those following the

propensity rules

Ab = %1
AK = 0, *1
As = 0

with the additional rotational selection rule AJ = +1 for parallel bands

(AK = 0) and AJ = 0, %1 for perpendicular bands (AK = £1).

Calculations of the energies of the lowest four vibrational states
of each complex have been carried out using the artificial channel method
[29], and the results are given in table 6. "Energy levels of Ar-HC1 on
the VR and HWK potentials have been calculated previously by Kidd et al.
[30]; however, the results given here for the VR potential differ
slightly because we have used a different rotational constant for HCL.

In the present calculations, the potentials were expanded in Legendre
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polynomials including all terms up to P4(cos®), and the basis set of
spherical harmonics used jmax==8. The results are converged to

-1
0.001 cm . The energy levels given in table 6 are for J=0 for all
states except (b,K,s) = (1,1,0), where the J = 1 level is quoted. Quantum

numbers have been assigned to the energy levels by comparison with

reversed Born-Oppenheimer calculations.

Before considering the results for individual potentials, it is
helpful to consider the effect of anisotropic potentials proportional to

P, (cosB) and P,(cosB) individually on a simple hindered rotation problem.

Using the hamiltonians

~ a2
H, = bj =~ V, P;(cosb)

~ _ . /.\2
and H, = bj -V, P,(cosd)

the dependence of the lowest energy levels on the anisotropy is as shown

in figure 8. The left hand side of the figure shows the effect of a pure

E/b

-2

_3 . . \ .
4 2 Q0 2 b
v,/ b V,/b

Figure 8. Effect of pure V1 and V2 potentials on hindered rotor.
A1l energies are in units of the diatom rotational constant.

Energy levels are labelled by (b,K) quantum numbers.
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V, (single minimum) potential, and the right hand side that of a pure V;
(double minimum) potential. It may be seen that for a V, potential the
(b,K) = (1,0) state lies above the (1,1) state, whereas for a V,
potential the order is reversed. For realistic potentials both V, and
V, components are present, and the situation is further complicated by
the stretching motion, but the relative excitation energies for the (1,0)
and (1,1) states nevertheless provide important information on the

intermolecular potentials.

This effect may be clearly seen when the transition frequencies for
Ar*HC1 on the VR, M5 and M3 potentials are compared. The VR potential
has the strongest secondary minimum of the three, and the parallel
bending frequency in this case is only just over half that for the
perpendicular band. For the M5 and M3 potentials, the difference between
the two excitation frequencies becomes progressively less as the depth |

of the secondary minimum decreases.

The HWK potential is somewhat anomalous, since the interaction
between the stretch and the parallel bend is particularly strong in this
case. The (1,0,0) and (0,0,1) states are strongly mixed,‘with the result
that one energy leﬁel is disPIaced upwards and the other downwards; for
the HWK potential, the parallel bending frequency is higher than would
otherwise be expected, and the stretching frequency is lower. A similar
effect occurs for Kr-HCl on the M5 potential, and it is again difficult
to assign quantum numbers reliably to the (1,0,0) and (0,0,1) states.

If this effect occurs for the real intermolecular potential, it will
result in the stretching transition becoming more strongly allowed by

borrowing intensity from the parallel bending transition.

Far infrared spectra of rare gas — HCl complexes have been observed

at low resolution in bulk gas mixtures by Boom and van der Elsken [31].
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Their spectra were taken under conditions where many vibrational and
rotational levels of the complexes were populated, and it is not possible
to assign the bands observed. However, the transition frequenciles
obtained experimentally are in qualitative agreement with those
predicted from the fitted potentials. Higher resolution spectré are
required before a more detailed analysis can be undertaken. However, it
is clear that spectroscopic characterisation of the van der Waals

bending states of these compléxes will provide very valuable information
on the intermolecular potential, and in particular will resolve the

. 0
question of the depth of the secondary minimum at 6 =180 .

4.8 Predictions for second virial coefficients

Second virialvcoefficients B,,(T) have been calculated for the Ne-HCI,
Ar-HC1, Kr+HCl and Xe-HCl potentials derived above, and the results are
shown in figure 9. Measurements of these quantities would provide very
useful information on the absolute well depths in the Ne, Kr and Xe
complexes, since the other potential parameters contributing to the

second virial coefficients are quite accurately determined.

4.9 Predictions for Raman line broadening cross sections

Cross sections for broadening of HCl pure rotational Raman lines by
rare gases have been carried out using the best fit potentials des-
cribed above, and the results are shown in figure 10. Measurements of
these quantities would provide a useful test of the potentials, although
it appears that Raﬁan linewidths are sensitive to much the same

potential features as infrared linewidths, so that the additional
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Figure 9. Predictions for second virial coefficients for mixtures of

HC1 with rare gases, calculated using M5 potentials.
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information available from Raman measurements is limited.

Conclusion

In this chapter, potential surfaces have been derived for tﬁe
systems Ne*HCl, Ar-HCl, Kr-HCl and Xe-HCl, using all available experi-
mental data. All the potentials have their absolute minimum at the
linear Rg+H-Cl geometry. The molecular beam spectra for Ne-HCl can be
reproduced only by a potential with a significant secondary minimum at
the linear Ne:Cl-H configuration. The available data for the more
anisotropic systems Ar-HCl, Kr-HCl and Xe-HCl are relatively insensitive
to the preéence of this potential feature, so potentials for these have
been obtained by assuming that the potential in this region behaves in

a manner analogous to that found for Ne-HCI.

The potentials obtained gave satisfactory agreement with all the
available data, and should be reliable near the absolute minimum and-on
the repulsive wall. The features which are not well determined by the
data currently available are the absolute depths of the potential wells
(for Ne-HCl, Kr-HC1l and Xe-HCl), and the depths of the secondary minima
near the linear Rg-Cl-H configurations (fér Ar-HC1, Kr’HCl and Xe-HC1).
Further information §n the absolute well depths would be provided by
measurements of molecular beam differential cross sections or mixed
second virial coefficients, and on the depths of the secondary minima by
spectroscopic characterisation of the excited bending states of the

van der Waals complexes.
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CHAPTER 5

SYSTEMS CONTAINING HF AND HBr

In the preceding chapter, anisotropic potential energy surfaces were
obtained for the systems Ne-HCl, Ar-HC1, Kr-HCl and Xe:HCl, and the
dependence of the intermolecular potential on the rare gas atom was
considered. In this chapter, potentials will be obtained for the
systems Ar-HF, Kr-HF and Xe-HF, allowing the dependence of the potential
on the hydrogen halide molecule to be investigated. It is also possible

to obtain limited information on the systems Ar-HBr and Kr-HBr.

Molecular beam rotational spectra have been measured for Ar-HF [1,2],
Kr-HF [3], Xe-HF [4], Ar-HBr [5,6] and Kr*HBr [6]. There are no
published far infrared line broadening data or second virial_céefficients
for these systems, although Barnes et ai. [7] have recently reported
state—to-state integrél cross sections for HF colliding with Ne, Ar and
Kr at high energies (E > 1400 cm_l). These measurements undoubtedly
contain useful information on the anisotropy of the repulsive wall of the
Rg-HF potentials, but unfortunatély became available too late to be
included in the present study. There have also been theoretical
calculations on the Ar-HF system [8], and Becker et al. [9] have

reported total differential cross sections for scattering of HF by Xe.

5.1 Constraints on the potentials

The parameterisation of the intermolecular potential used in this
chapter -is exactly the same as in chapter 4, but different parameters
were floated here because the information contained in the experimental
results is somewhat different. The molecular beém spectra contain

information primarily on the anisotropy of the well depth function €(8)
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and on the radial minimum function Rm(G) near the linear Rg-H-X
configuration. There is very little information on the absolute well
depth or on the potential near 8==1800. Nevertheless, it is possible
to obtain potential energy surfaces for the Rg-HF systems if the
undetermined features of the potential are fixed using information from
the Rg-HCl systems. The principal features of the surfaces obtained

in this way are reliably determined, and the potentials may be compared

with those obtained previously for the Rg:HCl systems.

5.1.1 Absolute well depths

The absoiute well depths are not well determined by the rotational
spectra, although the centrifugal distortion constants DJ do contain
information on the radial curvature of the well, which depends partly on
the depth. However, it was found for HCl complexes that the potential
at 6==9OO was well represented by a Maitland-Smith potential with a long
range C, coefficient the same as for the isoelectronic rare gas — rare gas
interaction. If similar behaviour is assumed for the HF complexes, the
well depths at 6==90O may be estimated, as shown in Table 1. This model
allows only for the dispersion contribution to the attractive potential,
but for HF complexes there is also expected to be a significant
contribution from induction forces, as described in chapter 6: the
values of 8(900) for Ar-Hf, Kr-HF and Xe+HF have accordingly been fixed
at 67 cm—l, 79 crxlu~1 and 91 cm._‘1 respectively in the least squares fits.

At each step of the least squares fits described below, the parameter

0
£(0 ) was calculated from the expression

£(0)) = e(90°) - Ae, £(90°;1) .
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0 . .
Table 1. Well depths at ©=90 calculated from isoelectronic rare

gas — rare gas C; coefficients

Ar -HF Kr -HF Xe *HF Ar -HBr Kr+-HBr

C¢ (rare gas - rare gas)
17 -
/10" ca 'pm® 0.99 1.36 2.02 4.56  6.41
o)
R (90 )/pm 346 355 375 400 411
o -1
€ (90 )/cm 57.7 67.9 72.6 111.3 133.0

0
5.1.2 Secondary minimum at 6 = 180

For the HC1l complexes, and secondary minimum was modelled by
assuming that the attractive forces were isotropic beyond 6==9OO, but
that the repulsive forces at 6==l80O were weaker than those at 6==9OO.

A similar treatment 1s possible for the complexes of HF, for which a
contour plot of the total electron density is also available [10]. The
parameter AR, has been esﬁimated from this to be -11 pm for HF complexes,
relative to the HF centre of mass. The induction contribution to the
attractive forces is expected to be similar at 6==90O and 6==180O (see
chapter 6): 1if the dispersion forces are also isotropic beyond 8==900,
this allows Ae, for Ar-HF, Kr-HF and Xe-HF to be estimated as 16 cmfl,
17 cm * and 22 cm | respectively. These secondary minima are consider-
ably shallower than for the corresponding HCl complexes, both because

O »
the dispersion forces around 6 =180 are weaker in the HF systems, and

because AR, is smaller for HF.

In the case of HBr, contour plots of the electron density are not
available, so that it is difficult to make reliable estimates of the
parameters AR, and Ae, for HBr complexes. However, the rotational spectra
do contain some useful information on the potential near 6==OO, and this

is discussed below.



150.

5.1.3 Repulsive anisotropy

o
The anisotropy of the repulsive wall near 8§ =0 is characterised

by four potential parameters: AR, K, Am and £&. The spectra contain
enough information to determine only one of these for each system. The
bond lengths of the hydrogen halides increase faster than the van der -
Waals radii down the periodic table, so that it is reasonable to expect
AR, to change considerably between HF and HBr, although it should be
relatively insensitive to the rare gas involved. In the fits described
below, AR, has been floated while K, Am and £ have been fixed at the

same values as were used for the HCl systems in chapter 4.

These constraints give a potential form with 5 free parameters: Ag,,
0 0 '
A, m(0 ), Rm(O ) and AR,. All the other potential parameters were

fixed as described above in the least squares fits.
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5.2 Potentials for Ar-HF, Kr-HF and Xe-HF

Klemperer and coworkers have measufed the microwave and radio-
frequency spectra of Ar-HF and Ar-DF [1] and of Xe:.HF and Xe.DF [4],
and Flygare and coworkers have obtained the microwave spectra of
Ar.HF [2] and Kr-HF [3] and their deuterium analogues. Since fluorine
does not have a nuclear quadrupole moment, information on the
expectation value of P,(cosf) is derived from the deuterium quadrupole
coupling constant (for DF complexes) and from the HF nuclear spin-
nuclear spin coupling constant (for HF complexes). These quantities are
much smaller than the halogen quadrupole coupling constant in complexes
containing Cl and Br, so that the experimental values of <P,(cos8)> are
considerably less accurate than for Cl and Br complexes. For the same
reason it is not possible to measure the angular centrifugal distortion
constants D6’ which were an important source of information on the

angular-radial coupling terms in the potential for the HCl complexes.

Information on the angle dependence of Rm(e) can however_be
obtained from-the isotope dependence of the rotational constants B,
since the Rg-'HF complexes sample a larger angular range of the potential
than the corresponding Rg-DF complexes. In order to extract this
information, it 1s necessary to correct the experimental rotational
constants for Ar-DF, Kr.DF and Xe-DF for the isotope dependence of the
potential, as described for DCl complexes in section 4.1. Details of

the corrections used for DF complexes are given in table 2.
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Table 2. Corrections applied to rotational constants of DF and DBr

complexes (MHz)

corrected
experiment correction value
Ar -DF 3039.8529 2.55 3037.31
84 |
Kr-DF 2353.1407 1.96 2351.19
129 '
Xe-DF 1995.469 1.22 1994.25
79
Ar-D Br 1087.5089 : 0.96 1086.55
8u 79
Kr-D Br 675.8486 0.27 675.58

Least squares fits to the spectroscopic data for Ar-HF, Kr-HF and
Xe-HF have been performed, and the optimised potential parametérs are
given in table 3. Contour plots of these potentials are shown in
figure 1, and the fits to the data are given in table 4. The quality
of fit is characterised by Xz = 7.8 for Ar-HF (8 observables),

Xz = 2.1 for Kr+HF (6 observables), and xz = 1.9 for Xe-HF (8 observables).

The higher value of X2 for Ar-HF is largely because the experimental

uncertainties are lower in this case.

5.3 Potentials for Ar-HBr and Kr-HBr

As described above, there is considerable uncertainty concerning
the behaviour of the Ar+HBr and Kr-HBr potentials around the linear
Rg-Br-H geometry. However, this region of the potential does not
greatly affect‘the Spectroscoﬁic observables, so that it should never-
theless be possible to extract information on the potentiai around
6 = Oo from the spectra. Unfortunately, preliminary fits revealed that
the parameter AR, for the HBr complexes is much greater than in the HF

or HCl complexes, and under these circumstances neither the CBO method






Table 3. Angle-dependent potential parameters

Ar-H¥
o -1
€(0 )/cm 214.19
Ae,/em ' -150.18 (2.97)
A 5.65 (0.61)

Aezlcmfl 16.00

O
R (0)/pm  339.04 (1.62)

AR, /pm 6.53 (2.88)
€ 12.70
AR,/pm  ~ -11.00
n(0") 23,89 91.20)
Am ~9.60
£ 16.40

Y 9.0

Kr+HF
245,49
-169.40 (11.20)
5.86 (3.01)

17.00

351.91 (2.11)
4.36 (4.22)
12.70

-11.00

24.51 (3.87)
~9.60

16.40

9.0

Xe - HF

306.56

-228,76 (7.07)

4.23 (0.48)

22.00

370.86 (1.36)
3.65 (2.66)
12.70

-11.00

20.82 (0.97)
~-9.60

16.40

9.0

Ar -HBr

430 (5)

-29 (7)

154.

Kr+-HBr

437 (4)

-26 (7)
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Table 4, Fits to data from MBER spectroscopy for HF complexes

Ar -HF
Experiment
M5 potential

Uncertainty

Ax -DF
Experiment
M5 potential

Uncertainty

®*Kr +HF
Experiment
M5 potential

Uncertainty

®“Kr-DF
Experiment
M5 potential

Uncertainty

129 e HF
Experiment
M5 potential

Uncertailnty

'2%%e - DF
Experiment
M5 potential

Uncertalnty

B/MHz DJ/kHz
3065.7099 70.90
3065.1 74.1

3.0 2.0
3037.31 59.53
3037.8 55.1

3.0 2.0
2392.4152 31.94

- 2392.5 33.4

3.0 2.0
2351.19 27.31
2351.0 | 25.1

3.0 2.0
2039.690 18.32
2039.5 19.0

3.0 1.0
1994.25 15.87
1994,5 14.8

. 3.0 1.0

<P, (cosb)>

0.660
0.663

0.024

0.823
0.814

0.033

0.711

0.030

0.836

0.030

0.785
0.782

0.055

0.883
0.859

0.064

<P2(cose)>

0.351
0.351

0.004

0.555
0.553

0.004

0.400
0.406

0.017

0.607
0.594

0.023

0.493
0.494

0.006

0.638
0.638

0.004
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nor the RA method is sufficiently accurate to extract quantitative

information on the anisotropy of the well depth function from the spectra.

The quantities Rm(Oo) and AR; for the HBr complexes afe reasonably
well determined from the rotational constants and angular centrifugal
distortion constants Dy, and are given in table 3. These quantities
allow the repulsive part of the potential for Ar+HBr and Kr-HBr to be
compared with those for HF and HCl complexes below. The height of the
barrier to internal rotation of HBr in these complexes is not accurately
determined, but is probably about 20% lower than the value for the

corresponding HCl complex in each case.

A more accurate method of calculating spectroscopic constants for
complexes with very strong angular-radial coupling is required to
extract the full information content from the spectra for Ar*HBr and
Kr-HBr. At present, the only theoretical methods which are sufficiently

accurate are prohibitively expensive in computer time.

5.4 Comparison of potentials

Various quantities derived from the potentials for HF, HCl and HBr
complexes are given in table 5: these have been defined in section 4.6.
The HF potentials are considerably more anisotropic thanvtheir HC1
counterparts in the well region, but are less anisotropic on the
repulsive wall. The parameter AR; changes markedly with the hydrogen
halide involved; for HF complexes AR, is about +6 pm (corresponding to a
depression in the repulsive wall near 6==00); whereas for HBr complekes
AR, is about -30 pm. This trend may be seen from table 5 to have two

distinct contributions

1) The HX bond length increases by 50 pm from HF to HBr, while the van
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der Waals radius of the halogen atom r_  increases by only 36 pm.

X

2) A rare gas atom can approach much closer to the hydrogen atom of HF
than to that of HBr. This can be attributed to the greater with-
drawal of electrons from hydrogen by the more electronegative
halogen atoms, but it is nevertheless a remarkably large effect; as

mentioned previously, r . in Ar-H, is 115 pm.

H

The values of ry for HF and HBr complexes are again similar to

those for the isoelectronic rare gas atoms. Thus, rp = 142 pm may be

Kr

compared with TNe = 138 pm, and Tpy = 181 pm with r 179 pm.

5.5 Predictions for other experiments

5.5.1 Vibrationally excited states

Calculations of the energies of vibrétionally excited states of the
HF complexes have been performed using the artificial channel method [11],
and the results are shown in table 6. The potentials were expanded in
Legendre polynomials includings all terms up to Py(cosf), and the basis
set of spherical harmonics used jmax = 8. The calculations for the K=1
states used the helicity decoupling approximation [12], involving

neglect of Coriolis coupling terms of the body-fixed frame. This

-1
approximation should move the energy levels by no more than #0.005 cm .

The transition frequencies for the van der Waals stretching mode
increase uniformly as the well depth increases from Ar'HF to Xe'HF, and
the bending frequencies also increase as the-barrier to internal
rotation of HF increases. It may be noted that the perpendicular
bending frequency is higher than the parallel bending frequency in.
Ar-HF and Kr+HF, but the order is reversed for Xe.HF. This refleéts the

.. o
greater accessibility of the secondary minimum around 6 = 180 for
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Ar-HF and Kr.HF, as discussed for HCl complexes in section 4.7.

5.5.2 Far infrared linewidths

Calculations of far infrared line broadening cross sections for
HF + rare gas mixtures at 300K have been performed using the optimised
potentials, and the results are shown in figure 2. Measurements of
these linewidths would provide useful information on the potential

anisotropy at both large and small intermolecular distances.

5.5.3 Second virial coefficients

Calculations of second virial coefficients for HF + rare gas
mixtures have been performed using the optimised potentials, and the
results are shown in figure 3. Measurements of second virial
coefficients would provide valuable infofmation on the well depths for

these systems, which are not well determined by the molecular beam

spectra.

Conclusion

In this chapter, intermolecular potential energy surfaces were
obtained for the systems Ar-HF, Kr-HF and Xe-HF from molecular beam
spectra, and some information was also obtained on the intermolecular
potentials for Ar-HBr and Kr-HBr. The experimental data for these
systems are sensitive only to the region around the potential minimum,
and the potentials should be reliable in this region. Elsewhere, the

potentials were forced to assume a particular "physically reasonable"
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Figure 2. Predictions of far infrared line broadening cross sections
for HF perturbed by rare gases, calculated using optimised

potentials.
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Figure 3. Predictions of second virial coefficients for mixtures of

HF with rare gases, calculated using optimised potentials.
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form, based on experience with the rare gas - HCl systems.

A1l the potentials have their absolute minimum at the linear
Rg-HX geometry. The Rg-H distance at the equilibrium geometry decreases
considerably down the series Br-Cl1-F, and even for HBr complexes the

Rg-H distances are much less than in the rare gas-H, series.

Further experimental data are required before the intermolecular
potentials for the rare gas - HF systems can be determined reliably over
a wider region of configuration space. Particularly useful would be
spectroscopic measurements of excited van der Waals bending states, and
measurements of far infrared linewidths and second virial coefficients
for rare gas+ HF mixtures. Predictions of the results of these experi-

ments have been made, based on the current best fit potentials.
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CHAPTER 6

ORIGIN OF THE INTERMOLECULAR FORCES

Attractive intermolecular forces may contain contributions from
electrostatic, induction and dispersion effects. Electrostatic forces
occur only when neither of the molecules involved is spherically
symuetric, and so do not contribute in atom—diatom systems. Induction
and dispersion interactionsvmay both be formulated as second order
perturbation energies [1], and so necessarily lower the total energy of

the system for interacting molecules in their ground states.

6.1 Induction forces

A molecule with a nonspherical charge distribution produces an
electric field F, which can induce multipole moments in nearby
polarisable molecules; the induced dipole moment is generally the most
important of these from the point of view of induction forces. For an

atom of polarisability &, the induced dipole is given by

=qo F (1)

and the associated energy of interaction by

F = -a F° (2)

=1
]
f
ol
=1

ind

The induction energy is conventionally calculated by expanding the
charge distribution of each molecule as a multipole series, and then
using these permanent multipole moments to calculate the electric field

at the position of the other molecule. This approach works well for
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intermolecular distances that are large compared to molecular dimensioms,
but may not converge quickly for intermolecular distances as small as
those found in van der Waals molecules. Since only the first few
multipole moments are known for most molecules, it is worthwhile to

look for a more quickly convergent representation of the molecular

charge distribution.

The charge distribution.in a hydrogen halide molecule may be
modelled semiempirically using a simple valence bond picture. The
molecule can be regarded as being formed from a hydrogen atom (181) and
a halogen atom (npip;p;), with bonding principally due to overlap.of
hydfogen 1s and halogen np, orbitals. The dipole moment is then due to
transfer of electrons from H té the halogen, and can be represented by
partial charges +q and —-q centred on the hydrogen and halogen nuclei

respectively.

This charge separation alone gives rise to a quadrupole momeht
smaller than the true quadrupble of the molecule. It is possible to
reproduce both the dipole and quadrupole moments using a 3-charge model
[2], but there is no real physical justification for placing a third
charge on the molecular axis. The 3-charge models also tend to give
unacceptably high values for the partial charges [3], and so have not
been used in the present work. Physically, the large quadrupole moments
of the hydrogen halide molecules arise because the electron distribution
around the halogen is concentrated away froﬁ the molecular axis, since
the halogen np, orbital is not fully occupied. The remaining quadrupole
moment is therefore mdst realistically modelled either by placing
partial negative charges off—axis around the halogen, or by placing a
point quadrupole at the halogen nucleus. The latter approach has been

taken here, since it is geometrically simpler.
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The "finite size" model used here for the charge distribution of

a hydrogen halide molecule is thus as follows

D

2)

The dipole moment is replaced by two point charges, *q, at the

hydrogen and halogen nuclei. These are given by

q =2 | (3)
0

where U is the experimental dipole moment and r, is the bond length

0
of the diatomic molecule.

The remainder of the quadrupole moment is represented by a point
quadrupole eHal at the halogen nucleus. This is related to the

total quadrupole moment (relative to the HX centre of mass) by

- _ 2 _ 2
Ha1 Otot q(ry - r3) | (4)
where r, and r, are the distances of the hydrogen and halogen
nuclei respectively from the centre of mass. The second term in
equation (4) allows for the contribution to the quadrupole from the

point charges.

The values of q and OHal required to reproduce MU and etot for HF, HC1

and HBr are given in table 1.

Table 1. Parameters of '"finite size' model

HF

HC1

HBr

u/D q/e ' @tot/Dg eHal/DR
1.8262 0.411 2.6 | 1.08
1.1085 0.180 3.7 2.36

0.8266 0.121 4.0 2.85
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The induced dipole moments and interaction energies obtained
with this model for Ne-HF and Ne-HCl are compared with those of a
conventional multipole model in table 2, for intermolecular distances
approximately corresponding to the appropriate van der Waals distances.
It may be seen that the multipole model gives induction energies which
are much less anisotropic than those given by the "finite size" model,
mainly because the partial charge on the hydrogen atom approaches much
closer to the rare gas atom in the latter model. The "finite size"
model is probably more realistic than the multipole model, although both

neglect the effects of higher order multipoles and polarisabilities.

Table 2. Comparison of "finite size" and multipole models for induction

effects. “?nd is the projection of ﬁind along the R axis.

"finite size" multipole
R/pm © Mina/P By pa/em u?nd/D Eo/en
- Ne-HF
320 0 0.082 ~43.2 0.074 -34.4
320 30 0.058 ~26.5 0.057 ~24.0
320 60 0.015 ~7.8 0.018 -8.6
320 - 90 ~0.014 -3.8 ~0.015 -4.5
320 120  -0.024 ~3.9 ~0.026 4.5
320 150 -0.021 - -2.9 -0.020 .. -2.5
320 180 ~0.019 -2.2 -0.015 ~1.4
Ne-HC1 ,
380 0 0.042 -11.3 0.037 -8.7
380 30 0.028 ~6.4 0.027 -5.7
380 60 0.004 -1.7 0.005 -1.8
380 90 ~0.010 -1.0 -0.011 -1.1
380 120 -0.010 ~0.6 -0.011 -0.7
380 150 -0.001 -0.1 -0.001 -0.2
380 180 0.003 -0.1 0.005 -0.2
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The "“finite size'" model has been used to calculate induction
energies for all the Rg+HX complexes at R==Rm(9) and 9==Ooand 6==9OO,
and the results are given in table 3. It may be seen that the induction
effect accounts for about 707 of the anisotropy in the HF complexes, but
less than 407 of the anisotropy in HCl complexes. In HBr complexes the

fraction is probably around 25%, but this is less well determined.

o
Table 3a. Induction energies at 6=0" and R==Rm(0 ) for
Rg-HX complexes, calculated using "finite size' model.

All energies in wavenumbers

Ne | Ar Kr " Xe

HF | 45,2 120.3 137.5 152.2
HC1 ©11.5 31.1 | 39.8 - 51.1
 HBr 5.7 16.3 21.7 28.1

0
Table 3b. Induction energies as for table 3a, but at 6=90 and

R=R_(90")
Ne Ar Kr Xe
HF 3.5 10.0 12.4 14.4 -
HC1 1.2 3.4 4.2 5.7
HBr 0.9 2,6 3.2 4.4

6.2 Dispersion forces

The dispersion forces at short range are more difficult to model
than the induction forces. For the weakly anisotropic rare gas - H,

complexes, Tang and Toennies [4] and Rodwell and Scoles [5] have
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modelled the dispersion forces using a single centre expansion about
the diatom centre of mass, whereas for interactions between large
organic molecules it is clear that a many centre approach is required.
The rare gas - hydrogen halide systems considered here fall between
these two limits. Atom-centred site-site potentials have been
extensively used in computer simulations of condensed phases involving
nonspherical molecules, and it is interesting to investigate to what

extent such a model is valid for the rare gas — hydrogen halide systems.
Two objections to site-site models can be raised immediately:

1) 1If an atom-diatom potential is modelled using pure site-site
potentials (eg. as the sum df two Lennard-Jones potentials centred
on the nuclei of the diatom) the equilibrium geometry is necessarily
nonlinear, since the attractive parts of the two potentials can
then reinforce one another most effectively. However, nonlinear
equilibrium geometries are often not found experimentally, even for
nonpolar diatomic molecules: in Ar-Hz, for example, the equilibrium
geometry is linear, not T-shaped as predicted by a site-site model.

2) A site-site potential is anisotropic in the well region, but
becomes completely isotropic in the limit of large intermolecular
distance. This is not the correct behaviour: in Ar-H,, the long
range C. coefficients for parallel and perpendicular approaches of

6

Ar to H, differ by more tham 157 [6].
The first objection above applies only if both the attractive and the
repﬁlsive forces are modelled using site-site potentials; if the
repulsive forces are allowed to be less aniéotropic than predicted by a
site-site model, the experimental observation of 1inear equilibrium
geometries can be accommodated while maintaining site-site dispersiom.

forces. However, the second objection should be remembered as
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illustrating the limitations of site-site models.

In a site-site model, the potentials for the rare gas — hydrogen

halide systems may be decomposed
VR,0) = Vy (R) + V(R + V, . (R,6)

where beand VH are one dimensional potential functions centred on the
X and H atoms, Ry and RH are the corresponding atom-atom distances, and
Vind(R’e) is the induction contribution to the potential. If VX(RX) and
VH(RH) are represented by Maitland-Smith potentials, their parameters
may be adjusted to reproduce the "experimental’ €(0) and Rm(G) at

o 0]
8=0 and 90 . The parameters €xs RmX’ EH and RmH obtained in this way
are shown in table 4. This representation of the potential is useful
for investigating the origin of the attractive intermolecular forces,
but it should be remembered that it may not be adequate at angles other

0o 0 :
than 6 =0 and 90 if the repulsive forces are not well represented by

a site—-site model.

Table 4. Parameters of site-site potentials fitted to "experimental"

0 )
potentials at =0 and 90

Ne-HC1 Ar-HC1 Kr-HC1 Xe*HC1 Ar-HF Kr*HF Xe-HF
1

e Jem © 36.3  90.9 102.6 113.6 41.5 46.3 42.6
R _/pm 371 393 406 423 359 372 398
| csxllol"cmflpm6 0.94 3.36  4.57  6.49 0.89 1.22 1.69
e lem 22.3  65.5 77.6 109.5 70.1 80.6 130.1
R ,/pm . 262 287 296 312 265 279 295
Cop/10" "em 'pm® 0.07 0.37 0.52 1.02 0.24 0.38 0.85

C.q(H,)/10" "en 'pm’ 0.20 0.68  0.96  1.44 0.68 0.96 1.44
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As discussed above, the potentials Vi (Ry) are similar to those
for the isoelectronic rare gas - rare gas interactions. It is clearly
unrealistic to expect VH(RH) to be the same as for the cqrreSponding
rare gas - hyrogen atom potential, but it might be expected that it
could be related to the rare gas - H, interactions, which are the
simplest comparable systems containing bonded hydrogen atoms. It has
already been remarked (sections 4.6.1 and 5.4) that the values of Ty
(and hence RmH) are much,smaller in the rare gas - hydrogen halides than
in the rare gas - H, systems, indicating that the repulsive forces
centred on hydrogen are weaker in the hydrogen halide'systems. It may

be seen from table 4 that values of C,, obtained from the expression

H

are also considerably lower than the corresponding quantities for the
rare gas - H, systems. Thus it appears that both the attractive énd

the repulsive forces centred on hydrogen are significantly reduced in
rare gas —\hydrogen halide systems as compared to the rare gas - H,
systems. Both these effeéts may be attributed to withdrawal of electrons
from hydrogen by the more electronegative halogen atom, but a detailed
formulation of dispersion forces in a site-site representation is

necessary before more quantitative conclusions can be obtained.

6.3 Conclusion

Both induction and dispersion forces make important contributions
to the intermolecular forces in rare gas - hydrogen halide systems, and

it seems likely that the attractive forces can be adequately explained
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in terms of these forces alone. There is no experimental evidence for
Klemperer's suggestion that incipient chemical bonding is important [7],
and this is supported by the lack of bonding at the SCF level in ab

initio calculations on Ar-HC1 [8].

The results obtained here highlight deficiencies in some commonly
used representations of intermolecular forces. The conventional
representation in terms of an expansion in Legendre polynomials about
the molecular centre of mass is not adequate even in these small systems,
since the expansion converges very slowly in the‘region of the minimum.
The dispersion forces near the minimum can be quite accurately modelled
using additive site-site potentials baéed on the atomic positions, but
the angular position of tﬁe absolute minimum cannot be correctly

reproduced if the repulsive forces are also represented in this way.

Semiempirical methods which treat the dispersion energy as a series
in Legendre polynomials [4,5] are thus unlikely to be adequate for the
rare gas - hydrogen halide systems, and single centre expansions will
certainly break down for systems involving larger molecules. It may
prove possible to model the dispersion forces using an additive site-
site representation, but in its simplest form such a model would give
intermolecular potentials that were too isotropic at very long range.

One way around this problem for atom-diatom systems would be to formulate
dispersion forces explicitly in a two centre representation, although

the extension of such a formulation to polyatomic systems would be very

difficult.
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APPENDIX 1

DIRECT SOLUTION OF PERTURBATION EQUATIONS

Many molecular properties are most conveniently calculated by
perturbation theory, starting from an appropriate zeroth order solution.

In such cases, the total hamiltonian is partitioned
ﬁ = A(O) + Aﬁ' (1)
and the total wavefunction and energy are expanded as power series in the

scale parameter A

=7
k=0

A () )

v .k (k)

E=) A E . | (3)
k=0

Substituting these equations into the total Schrodinger equation and

collection powers of A yields equations for the wavefunction corrections

[ﬁ(o) (0] ) [Em i ﬁ.‘l HON | “)

[ﬁ(O) _ g €0)

(1) E(Z)w(O) . (5)

HOM [Em .

In the usual formulation of perturbation theory, these equations are

solved by expanding the {w(k)} in terms of the zeroth order eigenfunctions

q}(k) = z Cn(k) Wn(O) (6)
n

yielding the well known expression for the first order correction to the
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wavefunction

) 5 () <l -5 o)
v gwn SONNO 7

This approach is often successful for rotational problems, where the
spacing between successive excited states increases with increasing
energy, so that the basis set expansion converges rapidly. 1In cases
involving stretching wavefunctions, however, there méy be difficulties.
If the zeroth order wavefunctions are solutions for a realistic
potential with a dissociation limit, the basis functions are very
closely épaced near the limit, and the summation of equation (7) may
converge slowly. It is sometimes also necessary to include contributions

from continuum levels, and this is likely to be numerically inaccurate.

Under these circumstances it is possible to avoid the basis set
expansion altogether, and to solve equations (4) and (5) direétly. Two
distinct cases may be identified: the states being mixed in by the
perturbation may be eigenfunctions either of the same effective
hamiltonian as w(q) (i.e. involving the same potential curve) or of a
different effective hamiltonian (i.e. perturbation off-diagonal in
Born-Oppenheimer bending state, so that a different potential curve is

(k)

involved). In the former case, #' and the {¢ 7} are functions of R

only, and ﬁ(o) in equations (4) and (5) may be replaced by its eXplicit

form

2 2
g K 4, yw) (8)

21 dr®

to give inhomogeneous differential equations
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2 42 ~y
["L"% + UGR) - E("’] VP w) - {E(” - @ (R)] v ®) 9
2y dR

2 2
[— %—ﬁ; * DR - E(")J v @ = [E“) - H'<R>] v @ o+ 5@
H

(10)

These equations may be solved for w(l)(R) and w(z)(R) using the numerical
method described below. Corrections to the energy may then be calculated

by one dimensional numerical integration
f A
g(2) - j 3 () [H (R)-—E(l)] s @) ar (11)
) - J{ v Ry [ﬁ‘ (R)-E(l)] v @ ar . (12)

Corrections to expectation values are also simply obtained.

This method i1s mathematically equivalent to the usual sum-over-
. . k .
states procedure. The wavefunction corrections {w( )} are simply
functions of R which contain contributions from all excited stretching

states, so that the problem of basis set convergence is avoided.

The second case mentioned above, where the states being mixed in
are eigenfunctions of a different effective zeroth order Hamiltonian,
corresponds physically to breakdown of the Born-Oppenheimer approxi-

mation. The zeroth order wavefunction is written as a single product

function

“ég) = ¢b(e;R) ngo)(R) - (13)

where two quantum numbers b and s have been introduced for the zeroth
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order states, ¢b(9‘R) is the bending wavefunction depending parametri-

(2)

cally upon R, and X (R) is the stretching wavefunction. The wave-

function corrections {w(k)} are also expanded in terms of the bending

functions

9 = Ity O30 Xes)y @ (14)

This equation may be substituted into equations (4) and (5) and

projected onto ¢b||(6;R) to give inhomogeneous differential equations

(k)

for the functions {sz-b"(R)}' For the diagonal case b=b'' these

are identical in form to equations (9) and (10). TFor b # b'', they are

) _
[—- — + Ubn (R) - ég)] (;) b” (R) = H-blvb(R) X(O) (15)

02 g2 (o) (z) (1) -y (1)
!Z— — + Ub” (R) - Ebs] bs;b" (R) g' [bs (Sb' ' Hb”b' (R)] XbS;b‘(
(16)

' _ Ao ny . .
where- Hab(R) = J ¢a(6,R) H ¢b(6,R) sin® do

These equations can then be solved for each bending state mixed in by

the perturbation H'. The corrections to the energy are given by

50 = Il @ | l_be' ® - B bbj Xy (R) dR an
b' .
() _ (1) : |
E bs -bz'b” Xb;;b' (R) [Hb' B! (R) - E(l)éb' bvv] Xé;gbu (R) dR . : (18)

These may again be evaluated by one dimensional integration, and involve
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no summations over excited stretching states. The summations over
bending states usually converge rapidly in problems concerning the

dynamics of van der Waals molecules.

Numerical solution

The present treatment yields differential equations for the wave-

w3,

function corrections {y These are linear inhomogeneous

differential equations of the form

2
LX = yrX® + g®) (19)
dR :

where X(R) is the wavefunction correction to be calculated, and g(R) and

V(R) are known functions.

The function V(R) has the shape of a potential well, and g(R) goes
to zero as R+0 or « , The equation is a boundary value problem since,
if the total wavefunction is to be quadratically integrable, so too
must be the perturbation corrections. Equation (19) is not an eigen-
value problem. In numerical applications, V(R) and g(R) are usua11y
specified numerically as a grid of R values, and it is in this form that

equation (19) is most conveniently solved.

If V(R) and g(R) are specified at points Ry...R)...R , with
corresponding values denoted By v, and 8> equation (19) may be replacgd
by a finite-difference approximation at each i. If h is the radial
interval between successive mesh points and bracketed superséripts now

represent radial differentiation, X may be expanded about X3
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o) 2k
_ 7 2h (2k)
Xl—l + X1+1 z (2k)! Xl
k=0
2 2 h* 4 |

The simplest form of solution is obtained by dropping all terms after
2 ., . . . .
h 1n this equation. A better approximation, analogous to Numerov
. . . . 4 . .
integration [1] gives a solution accurate to order h , and is described

here. First, a set of values Yi are defined in terms of the X3

2 2 2
- _k (2) _ _h” _h”
R T I Xi_[l 12 Vi] 1285 (21)

(2)

The second part of this equation is obtained by substitutiﬁg for X;

from equation (19). With this choice of Yi’ equation (20) may be written

_.2 (2)
Yo T Y s X

.2 2

2
= (V,Y, + g;) b’ / [1 - 2 VJ (22)

while the boundary conditions may be imposed by setting YO==Yn+1==O.
Thus the differential equation reduces to a set of n simultaneous

equations for the Yi’ which may be written in matrix form
AY = G, | (23)

where A is an nxn tridiagonal matrix with all subdiagonal and super-

diagonal matrix elements equal to unity, Y is the columm vector of the Y.
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and G is the solution vector from the right-hand side of (22)

e o2 b
A, =-2-h V;/ {1 15 vi) , | (24)
2
= 2 _El'___ ’ »
G, h gi/ {1 75 Vi} . (25)

The solution of such a system of equations by Gaussian elimination is
computationally simple [2]. Iterative methods are not necessary, and

the computer time taken is only directly proportional to n.

This simple procedure is numerically stable only if E is not an

(0)
bs
eigenvalue of the hamiltonian involving Ub,(R); this is generally the
case for perturbations off-diagonal in bending state, b # b'. For
b = b', however, there exists a solution of the homogeneous equation

a2

=2 = V(R) x®) 4 (26)

dr?

>

since this is just the zeroth order Schrodinger equation. The general
solution of equation (19) thus contains an arbitrary component
proportional to X(O)(R). However, the sixe of.this component does not
affect the calculated values of observables, so that it is convenient

to chooselx(R) to be orthogonal to X(O)(R). This is sufficient to ensure
that equation (19) has a unique solution, and has the same effect as
excluding the state being perturbed from the summation.in the usual

formulation of perturbation theory.

Computationally, the orthogonality constraint is applied during the
process of Caussian elimination for the tridiagonal matrix. Ortho-

gonality of X(R) and X(O)(R) requires that
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Ix”=o- L [Yi 2 gl) (0)/ [ ] (27)
1

Instead of simply eliminating all subdiagonal elements from the matrix
A, and then PrOPagating Y backwards from Rn to R, , a matching point

Rmid is chosen at which the zeroth order wavefunction X(o) is non-zero.
The subdiagonal elements of A are first eliminated from R; to Rmid’

and the superdlagonal elements from R to R Equation (23) thus

mid+ 1°

s lies i 1
upplies one equation relating Ymid to Ymidi-l’ and the orthogonality
condition (27) supplies a second; these two simultaneous equations may

then be solved for Y ., and Y . . Finally, the solution vector Y
mid mid + 1 : -
is propagated from Rmid to R, and Rn, and then transformed back to give

the desired solution X .

This algorithm is in principle unstable in the classically for-
bidden region, since it involves propagating the function Y along a
path where Y is exponentially decreasing. There is thus a possibility
that a spurious exponentially increasing component will develop and
will quickly dominate the true decreasing function. This condition is
easlly detected since the true solution is always monotonically
decreasing when propagated far into a classically forbidden region. If
the function Y starts to increase again, it is simply set to zero
beyond the point where the instability appears. There is very little

contribution to any observable quantity from this region,

so that this procedure does not introduce any significant error.

The method described above is not valid. for calculating the effect
of a perturbing state whose dissociation limit is below the state of
interest (i.e. if predissociation is possible). This is because there

will always exist a continuum level of the lower state which is
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degenerate with the level being investigated, so that equation (19)

will again not have a unique solution.

In addition to the applications described in this thesis, the
differential equation method has been applied to a number of problems
involving more strongly bound molecules. The formalism used is
identical, except that the bending functions used above are replaced
by electronic functions, and integration over angles 1is replaced by
integration over electronic coordinates. The method has been applied
to nonadiabatic effects in HZ [3], and to centrifugal distortion
constants [4] and A-doubling constants [5,6] in diatomic molecules.
Numerical comparisons with the conventional mefhod of summing over
vibrational states have been given in references 3-5; agreement was

essentially exact in cases where the sum-over-states results were

converged.
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APPENDIX 2

PROPERTIES OF RARE GAS ATOMS AND

HYDROGEN HALIDE MOLECULES



Maitland-Smith potentials for rare

Well depths/c:m-1

Ne

Ar

Kr

Xe

Equilibrium distances/pm

Ne

Ar

Kr

Xe

[+2]

Ne

Axr

Kr

Xe

30.2
46.6
49.9
51.8

Ne

310
343
358
375

Ne

coefficlents

~O;32
0.99
1.36
2.02

Ne

98.8
114.7
130.2

Ar

376
388
406

Ar

for rare gas pairs/10'’cm ‘pm° [2]

3.26
4.56
6.84

Ar

APPENDIX 2

138.4

160.6 191.3
Kr Xe
402

418 436
Kr Xe

6.41

9.59 14.51
- Kr Xe

gas pairs [1]
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Spectroscopic constants of hydrogen halides (v= Q)

HF 20.
DF 10.
35

H°°Cc1 10
n¥’c1  10.
p3°c1 5
p¥ic1 5
H79Br 8
1%'Br 8
D79Br 4
D8 !By 4
Structural
HF

DF

1®°c1
n’c1
p3°c1

p’c1

H79Br

HelBr
D79Br
DelBr

b/cm.—1

55974

86034

. 44019

42452

.39227

.37649

.35106
.34846
.24819

. 24560

constants of hydrogen halides

20.
21.
35.
37.

36.

38.

79.
81.
80.

82.

Hal

eQq

mass

00027

00654

97667
97372
98295

98000

92616
92412
93243

93039

532.

bbb,

530.

443,

.39338

iz

354.238

.61893

.436

.073

30590

68066

6315

2799

reduced mass

0.95704

1.82099

0.97959
0.98108
1.90441

1.91003

0.99512

0.99543

1.96398

1.96519

quD/kHz

187.36

146.9

146.1

d/kHz
143.375

22.170

5.59
4.65

0.85

10.296

11.138

ro/pm
92.560

92.326

128.387 °
128.386
128.124

128.123

142.426
142.426
142.144

142.144

185.

u/Debye
1.82618

1.81881

1.1085

1.1033

0.82657
0.82654 .
0.8235

0.8233

X-cm distance/pn

4.664

8.852

3.597

3.407
6.978

6.620

1.796

1.752

3.537

3.452
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