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Dynamical coupling and energy transfer in weakly
bound molecular complexest

by F. A. GIANTURCO
Department of Chemistry, University of Rome, Citta Universitaria, 00185 Rome, [taly

G. DELGADO-BARRIO, O. RONCERO and P. VILLARREAL

Instituto de Estructura de la Materia, CSIC,
Serrano 123, 28006 Madrid, Spain

The existence of a special type of bound state supported by chemical forces of a
different nature from those involved in traditional chemical bonds has been
predicted by theory and confirmed by experiment. It is, however, only in the last
decade or so that Van der Waals complexes have acquired great relevance as model
systems for the study of energy flow and energy deposition during intramolecular
inelastic processes. In the present analysis it is shown how even the simple event
where energy is exchanged only between internal rotation and the vibrational
motion along the Van der Waals (VdW) bond can lend itself to a very detailed and
systematic study of the origin of the dominant dynamical couplings which drive the
inelastic rearrangements. A computational example is given at the end for the case of
argon and molecular nitrogen, as partners moving under the effect of a realistic
interaction potential determined from several experimental data.

1. Introduction

The study of the structural properties of weakly interacting systems in the gas phase
is possibly one of the best sources of information on the role that the various
intermolecular forces play in guiding the relative distribution of the energy available in
the thermal bath between the internal degrees of freedom of the molecular species.

When a traditional chemical bond is formed one knows that, at the temperatures of
chemical interest, quite a large amount of energy will be needed to break it, and the
ensuing fragments may tell us little about the internal energy distribution of the bound
system before such a major perturbation occurred. On the other hand, when a weakly
bound cluster of molecules is examined or when other types of Van der Waals (VdW)
systems are studied, one is dealing with much weaker forces and therefore the amount
of energy ‘stored’ in each of these bonds frequently becomes comparable with the
amount of internal energy that may exist in other parts of the monomer. As a
consequence of this, the weakly-bound clusters can undergo dissociation simply by
internal redistribution of fairly small amounts of energy. The complex can therefore
predissociate and the resultant reduction in the lifetime of the particular excited state
which has been formed leads to observable broadening of the corresponding
spectroscopic lines (Levy 1981, Le Roy and Carley 1980). This particular form of
predissociation can be viewed as a simple unimolecular reaction along’the VAW bond,
with the cluster of molecules representing a sort of ‘activated’ system that is capable of
fragmenting to yield products with several different possible internal states. This aspect

T This contribution is dedicated to the memory of Professor M. Simonetta.
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of the process is therefore directly related to the various features of the multi-
dimensional potential energy surface (PES) which is driving the motion of the nuclei
and which is added locally to the relative kinetic energy of the partners at each
geometry of the cluster. It also means that the individual probabilities for each of the
final channels to be populated during the predissociative break-up are ultimately
related to the coupling potentials which act, while the complex is not too far from its
equilibrium geometry, between the motion along the dissociative coordinate (i.c. the
VdW bond) and the internal motion of all the other atoms which pertain to the
component ‘monomers’ (Le Roy and Van Kranendonk 1974).

An interesting aspect of the physical situation is that the resonant nature of the
break-up process is also very reminiscent of what happens when a molecule, or an
atom, collides with another molecule at very small relative kinetic energy, and
translational energy can therefore be deposited into the internal degrees of freedom of
either partner as a result of the dynamical coupling that takes place during the
encounters. In this special sense, therefore, the predissociative properties of weakly
bound clusters could be studied theoretically by treating them as ‘half collision’
processes, i.e. by applying the usual asymptotic boundary conditions for the total
wavefunction of a scattering state only to the final channels of the system, while the
initial channels are treated as bound states of the complex, having negative total energy
with respect to each suitable set of isolated fragments. As a consequence of this
approach, what is known about the relative efficiency of rotationally andjor
vibrationally inelastic scattering processes between certain molecular partners (Faubel
1983, Gianturco and Palma 1985 b) becomes the basis for the analysis of the structural
properties of the weakly bound systems that are made up of the same components as
the scattering partners above.

We consider first the ways by which one can gather information on intermolecular
forces between partners in the cluster and then describe the dynamical models which
can be employed to deal with the relative motion of the partners. Possible, simpler
quantal treatments of the outgoing scattering states are then described in detail and, in
the last section, results on a specific example are reported and analysed.

2. The interaction potentials
Considerable progress has been made in recent years in determining accurate
potential energy surfaces for two- and three-atom systems (Scoles 1980). The usual
procedure has been the supermolecule approach, whereby the interaction energy of a
complex is obtained by evaluating the total energy EX; of the AB supermolecule via a
specific method x (x =SCF, CI, CEPA, MBPT etc.) and then subtracting the energy of
the monomers. )

AE*=E%,— EX—EX )

The difficulty with this approach arises from the errors inherent in the subtraction of
the large energies of the separate fragments from the only lightly different energy of the
interacting components of the supermolecule (Morokuma 1977). Several authors have
resorted instead to model calculations in which the long-range region of zero overlap of
the charge distributions turns out to be sufficiently well described by second-order
perturbation calculations, while at short range the first-order Coulomb and exchange
energies dominate the interaction and can be reliably treated by SCF calculations. The
difficult intermediate region is finally described by general damping functions which
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simply connect the two main domains of interaction at each relative orientation of the
partners {Tang and Toennies 1978, Ahirichs et al. 1977).

In recent years, we have found it very effective to analyse several data obtained, for
example, from molecular beam scattering experiments, from the spectroscopy of the
bound states of the supermolecule, from bulk data like virial coefficients and transport
properties, and to try to fit all these available quantities with one simple form of
anisotropic potential (Gianturco et al. 1982, 1983, 1984, 1985 a,b). This type of multi-
property analysis has the interesting advantage of allowing close interplay between the
separate theoretical models employed to generate the required observable and
corresponding form of that region of the full PES which is mostly responsible for its
behaviour. For instance, one can associate very directly the values of the diffusion and
viscosity coefficients produced by a given anisotropic potential over a wide range of
temperature for a specific gaseous mixture (¢.g. He+ N, or Ar+ O,) with the shape of
the effective, spherical potential at the onset of its repulsive region and with the location
in space of that repulsive wall (Gianturco and Venanzi 1987). Furthermore, the
interference oscillation observed experimentally in the differential cross sections, total

" and partial, at low collision energies (20 meV < E <100 meV) can be interpreted and

reproduced only when the relative position, depth and orientational dependence of the
attractive well is established with a rather high level of accuracy (for example Gianturco
and Palma (1985)). An indirect test on the reliability of such an approach was carried
out through the analysis of experimental data on Ar-O, mixtures, where measured
partial inelastic differential cross-sections were able to indicate in which direction one
should modify the well anisotropy and long-range anisotropy obtained from integral
cross-sections in order to reproduce the observed angular distributions of the inelastic
processes (Faubel and Kraft 1986).

The infra-red spectra of the corresponding Ar-N, complexes seem to indicate that
these VAW molecules possess orientationally localized (librational) states as well as
nearly free internal rotation states (Henderson and Ewing 1974), and therefore such
partners provide a system on which the dynamical coupling between different internal
motions, and the corresponding flow of energy between them that can occur during the
motion, can be analysed.

It is important to keep in mind that the object of the present study is to clarify
structures, i.e. to assess the relative mobility of the various fragment nuclei within a
VAW complex, a property which varies considerably as the various partners are
changed. One observes, for instance, at one end the nearly free internal rotation of H, in
H,—X dimers, which are thus best described by using a basis of free rotor functions for
both the potential and the vibrational wavefunctions (Le Roy and Carley 1980), while
at the other end one could observe VAW complexes in which the partner molecule is
strongly nonspherical and of such dimensions as to be, along one or two of them, larger
than the main VAW coordinate with the rare gas; internal rotations are then strongly
prevented as at specific angles (and/or distances) the full potential surface could even
become infinitely repulsive. This behaviour has been found to hold for systems like
anthracene—Ar or fluorene—Ar (Meerts et al. 1984), where one has to use a different set
of internal coordinates and basis functions for the internal motion.

For all the intermediate situations it becomes necessary to select the most effective
representation of the states of the complex and/or of the monomer in order to obtain a
simple and reliable picture of the dynamical coupling that occurs between the nuclear
motions controlled by the strong chemical bonds existing within each monomer and
the overall nuclear motion that depends on the new VdW bond.
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3. The dynamical models

3.1. System hamiltonian

We confine this study to the theory of bound triatomic molecules. The six
independent variables of the ABC system in the centre-of-mass.(c.m.) frame are chosen
as R, r, y, ¢g, Bg and ¢,. The vector R defines the A to BC c.m. separation (or VAW
coordinate), r the B to C separation (or molecular coordinate) and vy is the angle
between these two vectors. The remaining variables are Euler angles of rotation, with
{¢g, Br) defining the orientation of R relative to a space fixed (SF) coordinate system
and ¢,, the rotation of the ABC triangle about R.

By making use of the above coordinates we can write the ABC hamiltonian, in a.u.,
in the following way:

1 1aerl2+j2+VR ) 2
2R 2mor T auRE T ar T YR @
where u is the triatomic reduced mass, m the reduced mass of the diatomic fragment, 12
is the orbital and j the internal angular momentum operators squared and V is the full
PES for all internal coordinates. In the case of a rigid, rotating diatomic partner BC, the
needed hamiltonian and PES are further reduced as follows:

1 ¢° 12 1 02

H#RA= —— i2 =
(R,7) 2WmﬁzﬂRﬁBeJ +V(R,y) 2ﬂaR2+U(R,v) 3)

where B, is now the rotational constant for the diatom BC. The problem we wish to
solve is the eigenvalue equation
{E;— #R,AV(EIR, /=0 4)

where both discrete and continuum eigenvalues need to be considered. To simplify (4)
one usually works in the total J* representation, where

d=j+I _ (5
which then allows one to write down the orbital angular momentum squared as
P=—j)’=d*+j*-2Q°-2J,-j,—2d,"], (6)

where £ and j (mutual perpendicular) are body fixed (BF) directions orthogonal to R.
The helicity operator £ is defined as

Q=R-J=R-j (7

The eigenfunctions of . in the helicity (BF) representation can now be written as-

2J +1)\2
‘I’(Ei,JMllR,f)=< 8:2 > Dim(Pr, Op, $,)" f(E, JAR)/R @)

where A and M are the eigenvalues of © and J,, respectively, and 27, are rotation
matrices (see for example Gianturco (1979)). It is worth mentioning at this point that
the centrifugal sudden (CS) (McGuire and Kouri 1974) or the helicity decoupling
approximation (HDA) (Tamir and Shapiro 1975) amount to neglecting the last two
terms in equation (6), i.e.

Jotixtd, gy ~0 ©)
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However, if this approximation is not introduced, the use of expansion (8) into equation
(4) leads to the well-known set of coupled equations of collision theory:

2
{—i%#— Uld,a, JIR)—E,.J} S(ELJ,a|Ry= =Y Uld,a",JIR)(E],J,a"|R) (10)
e
where U are the matrix elements of the internal motion (angular) functions with the
operator U(R, y) of equation (3). In either the SF or the BF angular basis, the coupling
matrix elements are defined for each |J) state of the triatomic complex and the
rotational predissociation (RP) processes can be fully discussed in terms of the
solutions of equation (10).For the case in which the predissociating state of the VdW
complex can be treated as an isolated narrow resonance, associated with a specific
closed channel m, then one can make use of the full S-matrix obtained by solving:

equation (10) and write down the matrix element between the open channels j and §' as
follows (Ashton et al. 1983).

Sjj'(E)z [Sd(E)]jj’ _igmjgmj’/(E——Em+ lrm/z) (1 1)

where E,, is the energy of the resonance, I',, its total width, and g,,;is a complex number
which is related to a partial width I',,;=1g,,;|* that determines the flux of dissociation
products into the specific channel j. [S(E)];; represents a contribution to the S-matrix
element that varies slowly with energy and is due to direct break-up without involving
channel m. One can then characterize a given predissociation level by performing close-
coupling scattering calculations for a suitable range of energies surrounding the
expected resonance position, and by determining the resonance parameters by
simultaneous least-square fits of the resulting S-matrix elements to the form of equation
(11). The quality of the ensuing fit therefore provides a measure of the validity of the
narrow resonance approximation and of the accuracy achieved in the convergence of
the coupled solution of equation (10).

Because of the numerical complexity and size of equation (10) which may need to be
solved at several energies in order to follow the above procedure, it has been much more
common to resort first to approximate methods to treat the dynamical coupling and
then to test them, if possible, against some specific resonance positions obtained
through the more general and ‘exact’ CC procedure.

3.2. "Approximate procedures

The most common way to reduce the computational efforts implied by equation
(10) has always been to find a suitable partition of the full hamiitonian (Le Roy 1984).
The first of these parts, say 5, usually provides a zeroth order description of the
dynamics of the system and therefore its eigenvalues constitute estimates of the energies
of all the needed bound and metastable states. The remainder of the original
hamiltonian, usually called 5#'=# — #,, is then employed to couple the discrete
eigenfunctions associated with the metastable levels of #, to some isoenergetic
continuum open channels that lead to predissociation. One can then easily see that,
within the isolated narrow resonance approximation, the corresponding partial width
(full width at half maximum) that describes the predissociation of the metastable state m
into a specific open channel j is given by the familiar golden rule expression:

2

T, =2 (12)

j\}’mx'wc dr
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where W, is the unit-normalized, bound-state eigenfunction of #, associated with the
complex state that is undergoing break-up and ¥, describes the isoenergetic continuum
function of #, associated with the final, open channel |j> of the two fragments.

To help our discussion of expansions in the following paragraphs, let us think of the
full interaction W(R,y) as being made up of three terms

VR, 7)=Vi(R)+ Va(p) + V3(R, 7) (13)

the first part being the spherical component of the potential, the second its angular
dependence and the third the coupling between the two motions in the complex. One
can then say that the different parts of the full potential (13) may have different
importance, depending on the system, and therefore the corresponding expansion
problem may lend itself to a different choice of basis functions, depending on which is
the dominant contribution in partition (13).

3.3. Diabatic expansions

In this approach, which is usually considered to be the simplest, one essentially
disregards the coupling effect of ¥, in equation (13) and the problem becomes
separable. The corresponding total wavefunction could then be written as the product
of two functions, one which depends only on R and the other only on the orientation y
(libration variable). This product can be further improved by replacing it with full
expansion of a complete set of still separable functions. Both possibilities are discussed
below.

3.3.1. Diabatic rotational expansion (DRE)

This approach was proposed a while ago (Beswick and Requefia 1980) but has only
recently been applied to realistic systems (Roncero et al. 1986, Villarreal et al. 1987 a, b).
The total wavefunction is written as a product of two subfunctions which each depend
on one of the variables of the problem

Pl (R, )= 1P, (RYDM7(y) (14)
where J and M are the quantum numbers defined before, p is the parity index:
p={(—)**x(J +j+1). The indices « and v, refer to the quantum numbers associated with
the angular (bending) and radial (stretching) motion within the complex. The function
® belongs to a complete orthonormal set of angular basis functions defined in either the
BF or SF frame of reference. Because of the presence of only one set of channel indices
then the radial function y is the solution of a one-dimensional, decoupled equation in
which an effective potential appears

1 d?
{_ﬂdRZ Z?f’p (R)}Xa U:z(R) Eaz Ua,Xa vu(R) (15)

where the Vi, is defined by averaging over the angular function ®

2

2uR?

Vit (R~ < DM CDZM”> (16)

+Bjt+Vi+V,
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To solve equation (15) to obtain both bound and metastable eigenfunctions means that
all diagonal matrix elements U(da’, a”, JIR) of equation (10} are considered negligible
with respect to the diagonal element of equation (16), hence no coupling exists between
the various bound and metastable states through the mixing of R-motion and y-motion
within the complex. When this is not the case, one then obtains inaccurate estimates of
the E, values and of their corresponding I',, since the angular coupling will only appear
in the golden rule expression of equation (15) and not when obtaining the
wavefunctions of expansion (14). One further step could thus be made by employing all
the separate solutions of equation (15) to generate the full wavelunction of the complex.

3.3.2. DR expansion plus configuration interaction (DRCIE)

When the systems under study appear to support several bound and metastable
states, it could be convenient to retain the diabatic separation of variables but to
improve its representation by allowing the interaction between the states in question to
be switched on. Thus, from equation (14) '

PIMIR, )= ) Ch o ad (RYOLMP (7) (17
o, Dy
where the summation extends over all the bound states supported by each Vg
potential, as defined in equation (16). The functions on the r.h.s. of equation (17) can be
used to construct a matrix representation of the hamiltonian (13)

Hoy o, = <‘1’i"§f\?f \‘PiMu‘;> Eqp v Ou* Ouyo, <xa 2V T o >(1—5mf) (18)

By diagonalization of the full matrix one can obtain new eigenvalues E, and eigenstates
|n> for the complex system. In some cases this turns out to be of very limited help,
because each effective potential supports only a small number of discrete levels, and it
does so only for the lower-lying rotational levels of the diatom. Hence the CI correction
is only a small effect and all the limitations of the DR expansion are still present
(Villarreal et al. 1987 a,b).

3.3.3. Diabatic stretching expansion (DSE)

Because of the complete separation between vibrational and librational motions
implied by the diabatic expansions it becomes only a matter of expediency to decide
which variable should be averaged out first. Thus, one could also consider the
possibility of producing the total wavefunction from the expansion

YRR, =0, 50(7) x(R) (19)

v,y

where the angular functions are obtained for each v-channel by solving an equation
which is averaged over the stretching functions, each of which is in turn a solution of the
eigenvalue equation

1 d2
Vi(R R)=E, x(R 20

{ 2 dRZ ——3+ 1( )}Xv( ) va( ) ( )
where the spherical part of the full PES is explicitly used to obtain the zeroth-order
stretching functions. Thus we can write the ensuing equation, with the y-averaged
hamiltonian, for each stretching channei v

{Bej2+EU+<

1
2Rt >|2+<XUIV2+ Vslx.))}q)%f(v):Eu,%‘l)i,"if’(v) (21)
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One could then solve equation (21) by expanding the functions over a chosen set of
orthonormal angular basis functions (e.g. those obtained in the expansion (17)). The
above procedure includes more accurately the angular coupling than the previous
expansion over angle-averaged eigenfunctions, but its final performance in correctly
generating RP energies and widths strongly depends on the reliability of the x
functions: for a mildly anisotropic PES, the eigensolutions of equation (20) constitute a
very good starting point for describing stretching motion, and therefore the angular
basis will likewise be satisfactory. On the other hand, when the E, are very different
from the correct stretching eigenvalues, then the complete wavefunctions will also fare
poorly in the angular variable and in its description of librational motion.

3.3.4. DS plus configuration interaction (DSCIE)

The most direct and simple improvement over the approximate expansion of before
is again given by correcting for the potential coupling between diabatic states and
therefore by modifying equation (19) as follows

VMR, )=} el o, PURI0) 1(R) (22)
which produces, as in the case of DRCIE of equation (18), the following representation
of the full hamiltonian

L = ORI NN = BBy 8+ COLU QL1 = 8,) (23)

v vy, vy
where the angle-dependent potential is written as

2

W+ V,+ | &

Uuu'(y): <Xu XU'> (24)

and the y, are obviously solutions of the radial equation (20) for the spherical
component of the interaction. The coupling between diabatic levels that is brought in
by the U,, potential terms of equation (23) will modify the wavefunctions and
eigenvalues of equation (21) only if several bound states are supported by the spherical
potential or/and by the angular potentials of equation (24).

3.4. Adiabatic expansions

In cases where the drastic separation implied by the previous expansions is not a
very realistic description of internal motion within a VAW molecule it appears more
reasonable to think of the total wavefunctions for the discrete and metastable states of
the complex as given by the product of a function which depends on only one of the
variables, be it cither the stretching or the bending variable, and another function
which depends only weakly on that variable and more markedly on the others. This
approach simply tries to take advantage of the physical differences which exist between
fast-motion variables and slow-motion variables (Segev and Shapiro 1985, Villarreal
et al. 1987D). In the following paragraphs we briefly review the models which can be
used to exploit the adiabatic separation of motions in treating dynamical coupling
within VAW complexes.

3.4.1. Adiabatic angular expansion (AAE)
One begins by writing the total wavefunction as a product of a radial function
which only weakly depends on orientation and a purely angular function.

s, (R, F)=(R;7) F () (25)
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The discrete eigenfunctions now depend on the quantum numbers s and I, associated
with the VAW stretching and librational motions respectively. If one now assumes that
the weak y-dependence in the ¢, functions can be disregarded then one can write

1Y, = ¢JI*F,,) (264)
jZlPs,l = ¢s(i2Fs, l) (26 b)

which means that one can now obtain the ¢ functions as solutions of uncoupled one-
dimensional equations for each y value chosen at an arbitrary value:

i
{ e VR v)}qﬁs(R; P=W) dR;7) 27

The full equation will then yield, after simple substitutions, the corresponding solutions
for the F functions

{ - #[As(v), 1’1+ B.j*+ Ws(y)}Fs, (D=E, F, (7) (28)
where
A= CRDRID(R) 29)
and
[P,QJZPQ+QP (30)

A standard way of solving equation (28) is to expand the F functions over a BF
rotational basis set (Pack 1974)

Fs,l(y) = Fs, l(RA, f)
=Y C5ld R, AlIMjQ) (31)
JjQ

where the coeflicients on the r.h.s. are well known products of spherical harmonics and
Wigner D-matrices (Rose 1957). The representation of the |2 and j? operators in the BF
frame is also well known from the literature (Gianturco 1979) and therefore the 4, and
W, functions can also be given in terms of Legendre polynomial expansions to yield
finally, by diagonalization of the coupled equations which stem from (28), the desired
energies of the triatomic system and the corresponding wavefunctions via the
knowledge of the coefficients in equation (31).

3.4.2. AA plus configuration interaction (AACIE)

One can improve on the previous representation of discrete solutions for the
eigenstates of the triatomic complex by allowing for the full potential to couple the
separate solutions of equation (25). This implies

PR 7) =Y ot R:))F i) (32)
hence the usual Schrédinger equation
H'(R,F) VYR, A=EYV(R,7) (33)

may be solved by representing the full hamiltonian # in that basis and by then
diagonalizing the corresponding matrix. A typical element of that matrix can therefore
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be written as

Hsl;s’l' = <Fs, l(y) ¢S(R7 y)”#l¢s’(R7 y) Fs’l'(y)> = <Fs, l; VVs(y)lFs, t'>5ss’

2

. 1 |
+Be<Fs,l¢s|lzl¢s’Fs’l'>+Z<FS,I¢SF

¢s’Fs'.l’> (34)

If the eigenvalues of equation (27) and its eigensolutions are written as an expansion
over Legendre polynomials, then .

Wiy) = Zws, 2:P2;(cos y) (354)

(R; y>=§k:ai<ki P,(cosy) (35b)

where the case of an homonuclear diatomic fragment has been considered in equation
(35 a). One can now obtain more explicitly all the terms appearing in equation (34) by
first rewriting the elements of the basis of the expansion (32) as

2j+1
SR Fo (0= a(R)Y. cSad | =——
QAR ) F (ly 4 | )jﬂ Jnﬁ(zp 1

as was earlier derived in more detail (Villarreal et al. 1987 b). Thus one can write

1/2
) C(jkp; QOQ) C( jkp; 000)X R, FIIMpQ> (36)

CFo lWiFg )= Y, Cia Ciiq 4,2, MjQIP,;|JMj Q) (37)

Ji'Qa

and

Be<Fs,l¢s|j2|¢s’Fs'l'> = Be{]’;};<ai|“i,’>R

G er (2-+II/22-/+11/2
x chjbcj,bxzf\)(f‘)
JJ

C(jkp; Q0Q
) 2+ 1) (Jkp )

x C(jkp; 000} x C(j'k'p; Q0Q) x C(j'k’p; 000)p( p + 1)} (38)

where pe[ prin. Pimax] and

P in =max (lk—jl; [k’ —j|)
P, =min(k+jk +j). (39)

Finally, the last term on the r.h.s. of (34) can be rewritten as

R L s ol |
-— — A g ) =— — |0,
2.“ s, 1 sR2 st sl 2# & kR2 k
Q1 e @ D2+ 1)1
X csles N2 2 W
. jZQ:;Q’:z(:zfl mues 2p+1

x C(jkp; QOQ) C(jkp; 000) x C(j'k'p; YOY)

x C(jk'p; 000)<JMpQu2|JMpQ/>} (40)



17:56 21 January 2011

Downl oaded At:

Dynamical rotational predissociation 1

34.3 Adiabatic stretching (best local) expansion (ASE)

Having discussed the situation where the angular motion is considered to be the
slow one with respect to the motion along the VAW radial coordinate, it is of interest to
examine the other possible situation, iec. the fast motion along the librational
coordinate with a relatively slow motion along the stretching coordinate. We solve, at
each R value, the equation

2

2uR?

[V(R, P+ Bej*+ ]gz(ﬁ, 7 R)=U(R)g(R, % R) (41)

where [ represents the librational (angular) quantum number. One begins by expanding
the g’s in a BF angular basis set and by determining the coefficients by diagonalization

9% R)= % Gla (RIKR, AlTMJQ) (42)

The full wavefunction for the discrete states is written down as a simple product
¥, (R, 7) =g,(y; R)D;, (R) (43)
and one has to assume the adiabatic condition by saying that

1 o*

Tu0RE T Tr(g - ©)~g(TrP) (44)

hence the radial functions are given as solutions of the equation
[Tx+ U(R)]D, (R)=E, @, (R) (45)

which is entirely equivalent to what was written for the angular variable in equation
(28). Here the effective potential U, is defined in equation (41). It is clear from its
definition that

UAR) ~ B.j(j+1) (46)

which implies that the local, librational quantum number / becomes asymptotically the
rotational quantum number of the isolated diatom.

The usefulness of this type of adiabatic expansion is related to the degree of validity
of equation (44), i.e. to the possibility that the angular motion of the diatomic fragment
be largely decoupled from the stretching motion of the rare-gas atom in the complex.
H,-Ar and HD-Ar appear as possible candidates for such behaviour (Hutson and Le
Roy 1983), while the example that we give below pertains to a more intermediate class
of weakly bound complexes, i.e. to those for which the internal rotation is partially
hindered by the stretching motion of the rare-gas atom.

3.4.4. AS plus configuration interaction expansion (ASCIE)

To complete the treatments discussed in this review, we examine the case in which
the best local angular representation, at each fixed R value, is improved by allowing the
full potential to couple the discrete eigenfunctions of the previous paragraph.

The general problem is again that of writing down the matrix representation of the
full # of equation (3) over the AS basis of equation (43). One can then write each of
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them as follows
2

I
2 Rzlgl (ya )¢s’l’(R)>

109y 0¢y 1 o%g s ‘
=<¢s l ll ﬁlé 5Rl > <¢sl l| 2 aRz ¢sl > +E Jéss’éll’ (47)

If one now defines the quantity

Hg or =<5 (R) g.(y; R)| Tx + V(R,y) + Bj* +

g,
Fy(R)= <gl‘é’%> (48)

and remembers that

1
{V+Bej +}ag’ U uRyg o8

1 .
5 R +— 1, (49)

4uR

then it is easy to show that

1 ov 1 . )
Fl,I’(.R): m {<gl‘5§lg">_W<gl“2|gl'>}:0 if [=1 (50

The problem of evaluating matrix elements like that of equation (47) is transformed
into the search for a suitable representation for the F, , functions of equation (50),
which will act on the purely radial basis employed in the expansion (43).

3.5. Golden rule matrix elements

As already mentioned in section 3.2 all the various approximate procedures
discussed in sections 3.3 and 3.4 are ultimately employed to evaluate the ‘golden rule’
matrix elements of equation (12). To better illustrate this point, we will describe here the
evaluation of the channel halfwidths for the angular adiabatic expansion (AAE) of
section 3.4.1.

If one employs the familiar Infinite Order Sudden (10S) approximation to obtain
the full continuum functions for the breaking-up of the VAW complex (Secrest 1975),
one can write down the expression

¥ 0,0.1(R A=, 1(R;)){RAIMjQ) (51)

where the ¢ are energy normalized solutions for a given choice of arbitrary angular
momentum I, of the following y-dependent equation

[Tr+V(R,Y)1¢.1=0(R;7) =20, 1-o(R;?) (52)

where the =0 case has been considered for simplicity and where ¢ gives the kinetic
energy of the fragments for the case where the energy of the continuum state is given ‘on
the energy shell’ by the usual expression

E(j)=e+B.-ji+1) (53)
The RP halfwidth associated to a metastable state of the complex, labelled by the

discrete quantum numbers |s, [), can now be estimated by the expression

Lo =TI) 1V al, (54)
o
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where each of the discrete-continuum (d—c) coupling matrix elements is given by
Vglicjﬂ = <\Pjﬂ,ejlf%,lqjs, % (55)

and the involved wavefunctions are those defined by equations (51) and (25),
respectively. The additional coupling operator includes the effects of fragment
rotational and relative orbital angular momentum operators. Its explicit expression
has been worked out in detail by us (Villarreal er al. 1987 b) and will not be repeated
here. The final expression for the halfwidths becomes more complicated when the
AACIE model is employed, since we now have (as can be seen from equation (32) and
following)

Ty= HZQ: Ukl (56)
J

where

Uzjj'sz = <q’jﬂ,z,i|%,‘\¥k>
=Z;als(,l<lpjn,e,7|%’|lps,l> (57)

but now the continuous energy at the resonance, &, is given by E,— B.j(j+1) and
therefore the summation on the r.hs. of equation (57) is only apparently a linear
combination of the matrix elements of equation (55), as none of the E , of equation (28)
even coincides with the E; of equation (33).

4. A computational example

The interaction of heavy rare gases like argon with diatomic targets corresponding
to many electron systems (e.g. beyond the H, example) constitutes an interesting case
study for the dynamical couplings that we have discussed in the previous sections. For
the Ar—-N, case, recent calculations of bound and metastable states of the complex have
been carried out by Brocks and Van der Avoird (1987) by an exansion in a basis set
which consists of products of free rotor angular functions and radial basis functions.
The expansion parameters were then variationally optimized by a method already
employed for other systems (Tennyson and Van der Avoird 1980). They adopted an
approximate procedure to evaluate resonance positions and also obtained from it the
corresponding widths of the metastable states by a model calculation of the
corresponding phase shifts around the energy positions obtained by the first step of
calculations (Brocks 1987, Grabenstetter and Le Roy 1979). Since they employed the
same anisotropic potential that we discussed in section 2, it would be interesting to see
how well our present methods compare with the more time-consuming calculations
employed by the above authors.

Table 1 presents the bound states obtained with the rotational diabatic and
adiabatic methods discussed in the previous sections. In both cases the configuration
interaction correction is also employed. One sees that for the example chosen, as it
supports a fair number of bound states, the correction to the eigenvalues introduced by
the CI calculations is considerable, as opposed to what was found in lighter systems
with fewer bond states for the complex and for which two or three quanta of internal
rotation were sufficient to eliminate all bound states (Villarreal et al. 1987b). The
calculations labelled BVdA (Brocks and Van der Avoird 1987) show fairly good
agreement with the AACI results, although they are only referring to j=0 internal
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Table 1. Bound states and associated rotor states for the Ar~N, VdW complex. Total angular
momentum J=0 and even rotor states only. The present results are labelled by the
acronyms discussed in the main text. The energy scale is in cm ™1,

DREJj DRCIEJj AAE[j AACIE BVdAY
—7120 0 —-7672 0 —7833 0 —78-001 —7795
—5277 2 —5504 2 —54-52 2 —56-255 -56:17
—46:81 0 —4697 0 —5153 0 —48-363 —
—-3010 2 —3530 2 —3168 0 — 37265 —3717
—2866 0 —2835 0 —3155 2 —29-382 —
—2425 4 —2198 4 —2748 4 —23-287 —
—1556 0 —-1798 0O —1735 0 —19-900 —-19-74
—1333 2 —11-69 2 —1462 2 —12-387 —

—695 0 —-725 0 —788 0 —-9724 —953
—-223 0 —476 2 —-3:89 4 —6:077 —
—1-56 4 —-250 0 —237 2 . —2:927 —2:81
—1:37 2 —045 0 — —0-704 —0-64
—-034 0

1 From Brocks and Van der Avoird (1987).

states (or, rather to /=0 librational states) and therefore cannot be easily related to a CI
calculation. The present methods also indicate that a free-rotor picture of N,,
rotationally excited to j=4, is still giving rise to bond complexes.

When one carries out a rigorous dynamical calculation, the S-matrix elements
indicate the presence of isolated narrow resonances, as discussed in section 3.1,
equation (11). A convenient way of expressing it is given by the familiar equation
(Taylor 1972)

iA
S(E)= Sbg(E){l —m} (58)

where S, is the background S-matrix and R,, I are respectively the position and width
of a given resonance. A is a complex matrix related to the g, quantities of equation (11)
(Taylor 1972).

One can now define two energy-dependent, real functions given by

R(E)= 3. Re[(S5S)) (592)

N
T(E)= k; Im [(Sp,S)e] (59b)

where Re(z) and Im(z) are respectively the real and imaginary part of the complex
quantity z. Since both S and S, are ynitary matrices, The R and T functions assume a
simple lorentzian form (Delgardo-Barrio et al. 1985)

_ r2p
TE)= - NE-E) (60b)

(E—E)+T?%/4
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where N is the number of open channels at the considered energy E. It follows that, for
E=E,

R(E)=N-2
and
T(E)=0 (61)
while, for
E=E, +T/2
R(E,+T/2)=N—-1 62)

and T (E,+1/2) is an extremum. An example of this behaviour is given in the figure,
where the R and T functions are plotted for the case of ortho-N, (add j values) at J=0
and over a range of energies where three isolated resonances are visible. The CC
calculations were carried out by including rotational states up to j= 11 and satisfactory
numerical convergence was achieved on the S-matrix elements. The S, -matrix was
obtained from an artificial channel calculation in which the closed channel which
supports the resonance in question is omitted.

The various thresholds for the onset of continuum states of the system occur here at
3997 cm ™! for the j=1 state, at 23-982 cm ™! for j= 3 state and at 39-955cm ™~ forj=5

AF—N2.

1.0—‘.‘ odd parity

06 -‘

0.2

0.0

i

o

o
)

Mixed S Matrix

-0.6 1

T

12.0
Energy (cmh)

— real part

--~ imaginary part

Computed mixed-S matrix elements (real part R and imaginary part T) for the Ar~N, complex
at energies below the j=3 rotational threshold, for the J=0 and ortho-nitrogen cases.
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state of the isolated N, rotor. In the figure one therefore sees that R(E) goes to — 1 for
the first resonance at —4 cm ™!, just above the first threshold, while T(E) goes to zero, as
expected from equation (61). Both the following resonances are still below the second

“threshold and therefore the two functions behave exactly the same way as for the first

resonance. The corresponding zeros of R(E) are also telling us about the width of each
resonance, as indicated by equation (62). All the cases in question correspond to a
physical situation in which the N, fragment, after the RP process, is left in the j =0 state,
and the energy balance with the Aj=1 energy transfer from j=1 is provided by the
relative translational energy of the fragments.

Table 2 shows the resonant states calculated with the various models discussed in
this review and compares them with the exact CC results obtained as explained above.
One sees that the models which include CT agree better with the exact results, as also
happens with the results of Brocks and Van der Avoird (1987). On the other hand, none
of the approximate approaches manages to reproduce exactly the predicted widths and
positions of the CC calculations. This indicates that dynamical coupling in the chosen
example requires the full presence of both bound-bound and bound—continuum CI as
is done via the ‘half-collision’ approach of the exact calculations. It is, however,
important to point out that angular adiabatic calculations are coming within 2-3%, of
the exact resonant energies and therefore provide, at little cost, a useful mapping of
metastable states which can than be more accurately studied with the full dynamical
coupling of the scattering equations approach.

Table2. Metastable states and resonance partial widths for the Ar-N, complex. J =0 and even
rotor states only. The acronym of each column heading is explained in the main text. The

j=2 and 4 thresholds are 11-:99cm ™! and 3997 cm ! respectively. All quantities are in
-1

cm
DRE/T DRCIE/T AACIE BVdA/Tt Exact/T’
632 183 271 035 0-64 -5 03 130 606
1038 0-84 739 125 491 1-50 0-98 530 29
1135 019 10-13 034 8-88 790 16 7-88 076
— — 1174 001 11-22 112 033 1100 013
— — — — 11-93 — — 1196 0-022
1520 3-96 1569 426 — 127 17 — —
21:06 0-03 2267 026 21-82 2260 038 2220 0-20
2714 302 2833 418 25-82 2590 35 2556 297
3475 1-86 3436 151 3310 3230 14 3230 1-11
3869 (82 3833 128 3775 3780 064 3743 034
3999 014 3992 — 3871 400 019 3967 0082
3975

T From Brocks and Van der Avoird (1987).
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