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1 Introduction

The present communication is concerned with the problem of calculating the
rotation-vibration energies and the absorption intensities of a triatomic molecule
from the effective nuclear potential energy function and the dipole moment sur-
faces within the Born-Oppenheimer approximation (Born & Oppenheimer 1927).
There are at least two astrophysical applications of such calculations:

— Detailed spectra of triatomic molecules can be computed under the condi-
tions prevailing in stellar atmospheres and compared with observed spectra.

— Such spectra can also be used for constructing a wavenumber-dependent ab-
sorption coeflicient which can be employed for opacity calculations as out-
lined, for example, by Jgrgensen & Jensen (1993).

In the Born-Oppenheimer approximation (Born & Oppenheimer 1927), the
rovibronic energies of a molecule are calculated in two steps:

— In the first step, the nuclei are held fixed in space, and the Schrodinger
problem for the electrons (which interact with the “clamped” nuclei and
with each other through Coulomb forces) is solved for many different nuclear
geometries. The energy eigenvalue obtained in this calculation, taken as a
function of the nuclear coordinates (which we denote as R, here), is the
Born-Oppenheimer potential energy function V(R.,).

— The second step is the solution of the Schrodinger equation for the nuclear
motion,

[Tn + V(Rn)] Yn(Rn) = Enetn(Rn) (1)

where f’n is the operator representing the kinetic energy of the nuclei, ¢, (R,)
is a nuclear wavefunction, and E,. is the corresponding energy eigenvalue.

* Guest professor 1992-93. On leave {from Physikalisch-Chemisches Institut, Justus-
Liebig-Universitat Giessen, Heinrich-Buff-Ring 58, D-35392 Giessen, Germany.

https://doi.org/10.1017/5025292110002145X Published online by Cambridge University Press


https://doi.org/10.1017/S025292110002145X

354 Per Jensen

One may think of the motion of the nuclei as a superposition of translation
(uniform motion of all nuclei along straight lines through space), vibration (mo-
tion of the nuclei relative to each other), and rotation. It can be shown that
the nuclear kinetic energy operator fn can be separated into the sum of two
commuting operators

fn = fTrans + fR.ot;—Vib7 (2)

where Tyans describes the kinetic energy resulting from translation and Thot—Vib
that resulting from rotation and vibration. In theoretical studies aimed at de-
scribing “spectroscopic” phenomena (i.e., the interaction between molecules and
radiation) for isolated molecules in a field-free space we can ignore the effects
of translation since radiation will not induce transitions between translational
states. We are then left with the Schrodinger equation for rotation and vibration

[TRot-—Vib + V(RVib)] YRot—Vib(RRot, Rvib) = ERot-Vib¥Rot - Vib(RRot, Rvib)-
3)
In Eq. (3), we have indicated that the rotation-vibration wavefunction ¥rot—vib
depends on rotational coordinates Rgot and vibrational coordinates Ry, whereas
the potential energy function V' depends on the vibrational coordinates only.

We discuss here the solution of Eq. (3). In theoretical spectroscopy, the tra-
ditional approach to obtaining the rotation-vibration energies ERrot—vib and the
corresponding eigenfunctions ¥Ret—vib involves perturbation theory: The molec-
ular vibration is modelled by a set of independent harmonic oscillators, and the
molecular rotation is modelled as that of a rigid molecule. The deviation between
the real molecule and this idealized model is treated as a perturbation.

In recent years it has become apparent that in many cases, the perturbation
treatment of molecular rotation and vibration leads to considerable inaccuracies
in the calculated energies, and a number of more accurate methods for solving Eq.
(3) have been developed for small (mostly triatomic) molecules. In the present
communication we shall describe one such method for triatomic molecules, the
MORBID (Morse Oscillator Rigid Bender Internal Dynamics) approach (Jensen
1988a, 1988b, 1992). The computer programs developed on the basis of the
MORBID model can be used for three different types of calculations:

— If the nuclear potential energy function V(R,) for one isolated electronic
state is known, the rotation-vibration energies belonging to this electronic
state can be calculated.

- The parameters in an analytical representation for V(R,) (see below) can
be refined in a least squares fitting to experimentally observed rotation-
vibration energy spacings.

— If V(R,,) and the dipole moment components are known as functions of the
nuclear coordinates, absorption spectra (i.e., transition wavenumbers and
intensities) can be calculated.

We give examplies of such calculations below.
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2 The MORBID Approach

We give here a very sketchy outline of the ideas behind the MORBID approach.
The reader is referred to Jensen (1988a, 1988b, 1992) for details.

2.1 Coordinates

In order to describe a quantum mechanical system such as a triatomic molecule,
we must initially choose a set of coordinates defining its instantaneous configu-
ration. In the MORBID approach, we follow the work of Hougen et al. (1970)
in that we base the coordinate definitions on a socalled reference configuration
(Fig. 1) which follows the rotation and the bending motion. The reference con-
figuration is chosen as having fixed internuclear distances r¢, [the equilibrium
distance between the “outer” nucleus j =1 or 3 (Fig. 1) and the center nucleus
2], but with a variable bond angle a. The coordinate p = 7 - o« is chosen to
“describe the large amplitude motion, and the stretching motions are described
as displacements from the reference geometry through the coordinates

AT’jz = T‘j2 — 7";2, (4)

j = 1 or 3, defined as the displacement of the instantaneous internuclear distance
rjs-from its equilibrium value 75, We attach a molecule fixed axis system zyz
to the reference configuration (Fig. 1) and describe the rotation of the molecule
through usual Euler angles 6, ¢, and x (see, for example, Papousek & Aliev
(1982)) which give the instantaneous orientation of the zyz axis system relative
to a laboratory fixed axis system XY Z.

2.2 The potential energy operator

We choose the potential energy function for a triatomic molecule to be given by
the analytical function

V(Ariz, Aray, ) = Vo(p) + Y F5(P)yi + 3 Fie(P)yive
J i<k
+ E Fkm(P)Y; yeym + Z Fkmn(P)Yj Yk YmYn (5)
j<k<m jLk<m<n

where all of the indices j, k, m, and n assume the values 1 or 3. In Eq. (5), p is
the supplement of the instantaneous value of the bond angle (which is almost,
but not quite, equal to the vibrational coordinate p discussed above), and

Yy = 1-— exp(—aj AT‘jg), (6)

where the Ar;, are defined in Eq. (4) and the a; are molecular parameters. The
Fjkm... expansion coeflicients of Eq. (5) are functions of p. The function Vp(p)
is the pure bending potential energy function, i.e. the potential energy for the
molecule bending with its bond lengths fixed at their equilibrium values.

https://doi.org/10.1017/5025292110002145X Published online by Cambridge University Press


https://doi.org/10.1017/S025292110002145X

356 Per Jensen

Fig. 1. The numbering of the nuclei and the molecule fixed coordinate system used in
the MORBID approach. The molecule fixed z axis is perpendicular to the plane of the
molecule. The open circles are the positions of the nuclei in the reference configuration

(which has the bond angle supplement p) and the filled circles are the instantaneous
positions of the nuclei (with bond angle supplement 3).

The p-dependent functions entering into Eq. (5) are defined as general cosine

expansions:
4 .
Fi(p) = Y £ (cos pe = cos p)’,
i=1
N
— 0 1 i
Fii (p) = f{0 + D £ (cos pe — cos p) (M

=1

where p, 1s the equilibrium value of p and the f(;) are expansion coefficients.
The function Fjx(p) has N = 3, Fjri(p) has N = 2, and Fjrim(p) has N =
1. Symmetry relations exist between the potential energy parameters for the
symmetrical ABA molecule to ensure that V is totally symmetric under the
interchange of Arys and Araz. For Vo(p), we use two different parameterizations,

8
Vo(p) = Y £ (cos pe — cos ), (8)
1=2
or s
Vo() = > f6(1 - cos p)'. ©)
i=1
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The parameterization given by Eq. (8) has p. as an independent parameter and
is appropriate for bent molecules, i.e. molecules with p. # 0. Equation (9) has
fé ) as an independent parameter, whereas p, is determined as a function of the
féi) guantities. This parameterization is appropriate for both linear and bent
molecules.

For a potential energy function with a single minimum, the analytical ex-
pression given by Egs. (5-9) has a physically reasonable asymptotic behaviour
at all coordinate boundaries: at p = 0 and p = = it has zero slope for all values
of 715 and rag, at large bond length values it approaches a constant for any value

of p, and at short bond lengths it approaches a very large (although not infinite)
value.

2.3 The kinetic energy operator

Using the rules of quantum mechanics, we can derive a kinetic energy operator

TMmoRrsID expressed in terms of the coordinates given in Sect. 2.1. This operator
is obtained as

~ 1 ~ -~ ~
TmorBID = 5 D" (Js — Ds)usy(Ariz, Arsy, p)(J, = By)

§y=x.y,2,p

+— Z PG Arlz,Araz, )13k+U1(A7’12,A7"32,P)+U0(P), (10)
)k 1,3

where fg, b==,y, 2, arg\the components of the total angular momentum along
the molecule fixed axes, J, = —ithd/dp, psy (8,7 = z,y, z, p) are the elements of
the 4 x 4 “inverse inertial” matrix p defined by Eqs. (45-50) of Jensen (1988a),

ﬁj = —ih0/0Arj, is the momentum conjugate to Ar;g, the vibrational angular
momentum ps is given by

]k 1,3

the xk) being Coriolis coupling coefficients, and the G( matrix elements are
defined by Eq. (40) of Jensen (1988a). The U; and Uy functions are pseudopo-
tential terms defined in Egs. (42-44) of Jensen (1988a). The dependence of Uy
on the stretching coordinates Arq; and Arz; has been neglected; this possibly
explains why sometimes splittings due to Fermi resonances are calculated to be

too small by the MORBID program [see Bunker et al. (1990) and Barclay et al.
(1993)).

The functions ps.y, G]k, and x( ) entering into Eq. (10) all depend on the
coordinates Arig, Aras, and p, and we expand them as polynomials in y; and
y3 with p-dependent coefficients, e.g.

p=po(p) + > 1)y + 3 1k(p)yi v
i i<k

+ D B OUUIm D Bikmn ()Y YeUmUn (12)
j<km i<k <mgn
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where p;; (p) is a 4 X 4 matrix with elements p )(p) b,y ==z, 9, z, p.
The expansion of the p-tensor elements are truncated after the quartic terms,

the expansions of the x(o) functions are truncated after the cubic terms, and
the expansions of the Gg . matrix elements are truncated after the quadratic

terms. In this way, we obtain fMORBID as an expansion to fourth order in the
vibrational operators y; and P;.

2.4 The calculation of the rotation-vibration energies

The MORBID Hamiltonian is now given as
Amorsip = Tmorsip + V(Ara, Arsy, p) (13)

where TMoRBID i8 given by Eq. (10) (with the coordinate-dependent functions

expressed as the series expansions described above) and the potential function V

from Eq. (5) has been transformed so that instead of depending on Aryy, Ars,,

and the instantaneous value of the bond angle supplement p [see Sect. 2.2], it

now depends on Ariy, Aras, and the coordinate p. The transformation is carried

out using basic geometrical identities as shown in Eqs. (34-36) of Jensen (1988a).
We obtain the solutions of the eigenvalue problem

Hnorsip ¥MoRrBID(AT12, Araz, p, 8, ¢, X)
= EmorsID YMORBID(Ar12, AT32,p, 6, 9, X) (14)

by “taking the molecule apart”. That is, we consider three simplified molecules,

each of which only carries out part of the molecular motion.

Stretching. We initially consider a molecule which carries out stretching of its
bond lengths r;, with the bond angle fixed at the equilibrium value o, and the
rotation frozen. This molecule has the Hamiltonian

5 11 1|4 1 1] 5 1 o~
Hstreteh = 3 [— =+ —] P+ [— +—] Pi — " cos pe P1 P3

my  me 2 my
0 0
+ Z fJ(k Yi Yk + Z f:,-(kznyjykym + Z f]‘(kznnyjykymyn (15)
i<k j<k<m j<k<m<n

[see Eq. (58) of Jensen (1988a)], where m; is the mass of nucleus j. We obtain
the eigenfunctions | Ny, I'sym) of this Hamiltonian [and the corresponding eigen-
values, which are our zero order stretching energies] by setting up the matrix
of f]smtch in a basis of symmetrized Morse oscillator functions as described in
Sect. V of Jensen (1988a). The eigenfunctions are labeled by the index Ny,
which characterizes the zeroth order stretching state, and by I'sym which is the

irreducible representation spanned by the function | Nyip['sym) in the appropriate
molecular symmetry group.
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Bending and K-Type Rotation. We then consider a molecule which carries
out bending motion and rotation around the molecule-fixed z axis (Fig. 1) with
its bond lengths fixed at the equilibrium values ¢, and r§,. The molecule fixed z-
axis becomes the molecular axis when the molecule is in a linear configuration. It
is necessary to consider these two types of motion together since, for a triatomic
molecule with a linear equilibrium configuration, the rotation around the z-axis

is only made possible through the bending motion. This simplified molecule has
the Hamiltonian

-~ 1
HBend = 500 ()T, + 5 u<°>(p)f2

u&‘z)(p) 9(p) + 5 (u(")) VAT, g T, (k)4 + Va(p),  (16)

[see Eq. (63) of Jensen (1988a)] where (%) is the determinant of the matrix pt,
from Eq. (12), and the function g(p) is given by Eq. (43) of Jensen (1988a). We
obtain the eigenfunctions |vz, K) for this Hamiltonian through Numerov-Cooley
numerical integration (Cooley 1961) as described in Sect. V of Jensen (1988a).
The index v is the bending quantum number for a bent triatomic molecule, and
K 1is the rotational quantum number describing the rotation around the z-axis.

End-over-end Rotation. Finally, we consider a drastically simplified molecule
which carries out rotation around the molecule fixed 2- and y-axes. We assume
this molecule to be a rigid symmetric top, so that its rotational eigenfunctions
are the symmetrized symmetric top eigenfunctions |J, K, M, 7) defined in Eq.
(7.1) of Jensen (1983).

The Complete Molecule. We use the products | Nyip I'sym) |ve2, K) |J, K, M, T)
as basis functions for constructlng a matrix representation of the rovibrational
Hamiltonian HMORBID for the “complete” molecule. We may label the eigen-
functions Ymorsip of this Hamiltonian through an index s together with the
good quantum numbers J, M, and I'.,, where Mh is the projection of the total
angular momentum on the space-fixed Z-axis and I, is the symmetry of the
wavefunction, and we approximate such a function as

¥YMmoRBID = |85 J, M, I7.y)

WM,y >
= Y KM N sy v, KON, K, M, 7). (17)
Nvib:FSymyvz,K

By diagonalizing the matrix representation of the Hamiltonian, we can determine
its eigenvalues (which, in the approximation adopted here, are the rotation-

vibra'tion .energies) and the expansion coefficients cg;v{bnll‘éf;ulz k defining the
rotation-vibration wavefunction in Eq. (17).
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2.5 Intensity calculations

With the rotation-vibration wavefunctions given by Eq. (17) we can caleu-
late the intensities of absorption transitions between rotation-vibration states.
If we consider molecules in thermal equilibrium at an absolute temperature
T, the integrated absorption coefficient for a transition from an initial state
|si; Ji, My, Try(iy) to a final state |sy; J5, My, Ihy(p)) is given by (Smith et al.
1985)

873 N gnswis exp(—E; /kT)[1 — exp(
3he@Q

where N4 is Avogadro’s number, g, is the nuclear spin statistical weight, w;y is

the wavenumber of the transition (in ecm™?), E; is the energy of the initial state,

k is the Boltzmann constant, h is Planck’s constant, ¢ is the vacuum velocity of
light and the partition function @ is given by

Q=" guexp(—Ey/kT). (19)

I(f —i) = _hcw"f/kT)]S(f —i) (18)

In Eq. (19), Fy is the energy and g, the total degeneracy of the state w and
the summation extends over all such states of the molecule. The line strength
S(f « 1) of an electric dipole transition is defined as

S(f—i)= Z Z|<Sf;Jf,Mf,Fru(f)I#AISi;Ji,Mi,Fru(i)Hz (20)
A=XY,Z M, My

where g4 is the component of the electronically averaged molecular dipole mo-
ment operator along the A axis (A = X, Y, or Z) of the space fixed coordinate
system and M; and M; are the rotational M quantum numbers (quantizing the
Z component of the total angular momentum) of the initial and final states,
respectively.

As described by Jensen (1988c), the MORBID program can calculate the
linestrengths given by Eq. (20) on the basis of the wavefunctions from Eq. (17) .
and the electronically averaged dipole moment surfaces of the molecule. The
dipole moment functions are chosen as follows: A pg axis system is defined for
the triatomic molecule. This axis system has its origin at the nuclear center of
mass and the p and ¢ axes are in the plane defined by the three nuclei. For an
unsymmetrical ABC molecule, the p axis is parallel to the bond between nucleus
2 and nucleus 3 and points so that the p coordinate of nucleus 1 is negative. The ¢
axis is perpendicular to the p axis and points so that the ¢ coordinate of nucleus
1 is positive. For a symmetical ABA molecule, the ¢ axis is the bisector of the
angle Z(ABA) and points so that the two A nuclei have positive ¢g-coordinates.
The p axis is perpendicular to the ¢ axis and points so that the p coordinate of
nucleus 3 is positive. The dipole moment component along the p axis, a(P), is
expanded as:

B2 (Aryy, Arsy, p) = p () + >, M]('p)(ﬁ)ﬂrn
J
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+Zﬂjk (p)Arj2dris + Z l‘,(’;c)m VAT 2 AT R ATz

i<k j<k<m
+ ) M_g‘;c)rnn (P)Arj2 Arka ATz Arny, (21)
j<k<m<n

where all of the indices j, k, m, and n assume the values 1 or 3 and
uR) (p) = j{:p (cos pe — cos p)'. (22)

The function p{(5) has N = 8, ,u]p)(p) has N = 4, u(p)(p) has N = 3, ng) (p)
has N = 2, and ;t(-p) (p) has N = 1.

jkmn
The dipole moment component along the q axis, (%), is represented by

,ﬂ(q)(AT127 Ar327 p) = sinﬁ [ (q) p) + ZIU(Q) ,D)A’f' 9
J

+Zﬂ(4) )ATJZA"'IQ + Z u;‘l) (p)ATngTk2ATm2

j<k j<k<m
+ 3 WY () Arja ATk Ay ATy, (23)
j<k<m<n

Again, all of the indices j, k, m, and n assume the values 1 or 3. The equations

for the ﬂ;gc)m (p) functions are obtained when p is replaced by ¢ in Eq. (22).

The values of the parameters p() and q() in Egs. (21-23) are obtained

by fitting the analytical expressions through ab initio dipole moment values. As
explained by Jensen (1988c¢)

— The dipole moment components along the molecule fixed y and z axes, py
and p,, can be obtained by rotating the components i®) and (9.

— The functions gy and p, can be transformed into polynomials in the quan-
tities yx = 1 — exp(—arAria) [with expansion coefficients depending on the
bending coordinate p].

— The matrix elements of these expansions between vibrational basis functions
can be straightforwardly calculated using Morse oscillator matrix elements
from Spirko et al. (1985).

— On the basis of the vibrational matrix elements of y, and y, and the expan-

sion coeflicients CS:’V{;A}{S{;”?.QK from Eq. (17), the line strength S(f — ¢) for

an individual rotation-vibration transition can be obtained from Eq. (55) of
Jensen (1988c).

When the linestrengths S(f — i) have been obtained, the integrated ab-
sorption coeffients I(f « 7) can be calculated from Eq. (18) if the absorbing
molecules are in thermal equilibrium. For non-equilibrium situations the calcu-
lation of I(f « %) requires detailed knowledge about the population distribution
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of the molecules under study. In order to allow direct comparison with experi-
mental results it might be necessary to compute peak absorption coefficients for
the rotation-vibration transitions. Such calculations require further knowledge
about the line shape function (i.e., about the broadening effects present in the
experiment). An example of a calculation of this type is given by Jensen et al.

(1992).

3 Applications

We give here a brief survey of results from MORBID calculations.

3.1 H,0

Calculations from ab initio data. Two calculations of the rotation-vibration
energies of the water molecule have been carried out (Jensen 1988b,1988d) on
the basis of ab initio potential energy surfaces from Kraemer et al. (1982) and
Bartlett et al. (1987), respectively.

Fitted potential energy surfaces. The parameters of Eqgs. (5-9) have been
optimized (Jensen 1989a) through a least squares fitting to an extensive set
of rotation-vibration energy spacings for Hy'Q and its isotopic species. These
input data consisted of 550 experimental energy separations involving rotation-
vibration energy levels with J < 2 in 103 vibrational states [with energies up
to 19000 cm~! above the (0,0,0) state] belonging to the six isotopic molecules
H»1%0, D,1%0, HD'®0O, Hy170, H»'%0, and T51€0. In the fitting 19 parameters
were varied, and the standard deviation was 0.63 em~!. In a careful compari-
son between four potential energy surfaces for water available in the literature
(Jensen 1989a; Carter & Handy 1987; Halonen & Carrington 1988; Kauppi &
Halonen 1990) Fernley et al. (1991) found the MORBID potential (Jensen 1989a)
to be the most accurate surface currently available for the water molecule. This
potential has also been used for calculations of water energies by Wattson &
Rothman (1992) and by Choi & Light (1992). On the basis of the MORBID po-
tential energy surface and dipole moment surfaces calculated ab initio, Jorgensen
and Jensen (1993) have recently carried out an extensive calculation of the vi-
brational transition moments for water, which they intend to use as input for an
accurate calculation of the absorption coefficient as a function of wavenumber.
A new refined potential for H;O based on experimental data involving J < 10
is presently being fitted with the MORBID program (Jensen & Tyuterev 1993).

3.2 CH,

Calculations from ab initio data. Ab initio calculations of the rotation-
vibration energies in the vibrational ground state X3B; of the methylene radical
CH: have been carried out by Jensen (1988a) (who used a potential energy sur-
face calculated by McLean et al. (1987)) and by Comeau et al. (1989), who also
did calculations for the first excited electronic state (@' A;).
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Fitted potential energy surfaces. Jensen & Bunker (1988) have fitted the
potential energy surfaces for the X3B; and @' A, electronic states of CH,. For
the X3B; state, they used all extant rotation-vibration data as input for the
fitting, whereas only the J = 0 data for the G1 A, state were fitted. On the basis
of the fitted potential energy surfaces, the stretching fundamental energies of
X3B, '2CH, were predicted at E(v1) = 2992 cm~?! and E(v3) = 3213 cm~?. By
combining the results of the MORBID fittings with experimental data for the
X and @ states Jensen & Bunker (1988) obtained the energy splitting between
the vibrational ground states of these two electronic states as Tp (EilAl) = 3147
em~! (8.998 kcal/mol) and the splitting between the equilibrium energies of the
two states as T, (@' A1) = 3223 cm~! (9.215 kcal/mol) for 2CH,.

3.3 C,

- Calculations from ab initio data. The rotation-vibration energy spectrum
of C3 in the electronic ground state have been calculated by Jensen & Kraemer
(1988a) on the basis of an ab initio potential energy surface by Kraemer et al.
(1984). Recently, more extensive ab initio calculations have been carried out by
Jensen et al. (1992). These authors also considered the intensities of the allowed
v5 and v3 fundamental bands of 12C3 and showed that their theoretical transition

moments were in keeping with recent experimental observations (Schmuttenmaer
et al. 1990).

Fitted potential energy surfaces. Jensen (1989b) fitted a very limited set
of rovibrational data for 12C3 and obtained a potential energy function with a
small barrier to linearity (16.5 cm=1). This agreed well with the ab initio results
by Kraemer et al. (1984) and apparently supported suggestions by Matsumura et
al. (1988) who argued on experimental grounds that Cs might be slightly bent.
A recent fit to a more extended data set by Jensen et al. (1992), however, yields
a potential energy surface with a linear equilibrium geometry, in agreement with
the ab initio calculation by these authors.

3.4 H,Se

Jensen & Kozin (1993) have fitted a potential energy surface for the electronic
ground state of hydrogen selenide H,Se. On the basis of this potential energy
function, the rovibrational energy structure in the vibrational ground state
(Jensen & Kozin 1993) and in the fundamental vibrational states (Kozin &
Jensen 1993) has been calculated. In all the vibrational states studied, it was
found that four-fold energy clusters (i.e., four-member groups of nearly degen-
erate energies) form at high rotational excitation. This effect has been experi-

mentally verified for the vibrational ground state of H33°Se (Kozin et al. 1992a,
1992b, 1993).
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3.5 Other molecules

Other molecules for which MORBID calculations have been carried out include
NHY} (Jensen et al. 1987; Barclay et al. 1993), HOC* (Jensen & Kraemer 1988a),
CCN* and CNC* (Jensen & Kraemer 1988b), LiOH (Bunker et al. 1989), NH,
(Jensen et al. 1990), HoF+ (Bunker et al. 1990), HNC* (Kraemer et al. 1992),
Si,C (Barone et al. 1992), HO, (Bunker et al. 1992), and HNSi (Chong et al.
1993).
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