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1 Introduction

Quantum chemical methods have become a powerful tool for investigating the
electronic structure of small molecules in ground and excited states. This is
particularly true for species which are not easily accessible by experiment, ei-
ther because they are short-lived, for example, or unstable under laboratory
conditions or difficult to detect since their signals are hidden by other, prevail-
ing molecules. In this sense theoretical methods are of special importance for
molecules in atmospheric, stellar and interstellar environments.

The present contribution will focus on the use of ab initio computations to
determine the absorption of light by molecules and will exemplify some aspects
on the spectra of CHY, CoH and their deuterated species.

2 General considerations on the ab initio calculation of
radiative transitions in molecules

Calculations for molecules are generally based on the Born-Oppenheimer ap- -
proximation, i.e. the separability of nuclear and electronic motion is assumed
and the coupling terms between the two types of motion are neglected. The to-
tal wavefunction is then a product of an electronic part ¢.(r, @) and a function
x(Q) describing the nuclear motion; the latter depends on the nuclear coordi-
nates Q, the former on the electronic coordinates r and is evaluated at a fixed
nuclear arrangement, i.e. it depends only parametrically on the nuclear position
Q. Neglect of the coupling terms d¢./0Q and 6?¢./0Q? (which arise from the
nuclear kinetic energy operator) is justified if the electronic wavefunction does
not change significantly with the nuclear coordinates; if ¢, changes considerably
along a nuclear coordinate the validity of the Born Oppenheimer approximation
is questionable.

In order to obtain the potential energy surface U(Q) one has to solve the
electronic Schrodinger equation

-F-A[e¢e = Ee¢e (1)
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for a number of nuclear positions @ and then obtain U(Q) = E.(Q) + Vnn
point by point, where Vi is the nuclear repulsion energy. In order to obtain
vibrational levels, it is necessary to solve the nuclear Schrédinger equation

(TN + U)Xu =FEx, (2)

where T is the vibrational kinetic energy operator and are ,, the vibrational
wavefunctions. More details of potential energy calculations on ground and ex-
cited states can be found elsewhere (Bruna & Peyerimhoff 1987).

Q

Fig. 1. Typical examples for potential curve interactions: dotted lines refer to diabatic
states of the same symmetry, their adiabatic counterparts show avoided crossings.

A typical example of potential energy surfaces is presented in Fig. 1. If tran-
sitions occur between two separate curves, the oscillator strength as a measure
of the absorption strength is simply evaluated as

2
fellelyllyl = §| < ¢€”XV”|”’|¢€’XU’ > ‘ZAEeue/Vu,,/

2
= gt < XV"lRe’e”(Q)IXV’ > |2AEelleIU/IVI (3)

In this formula quantities with double and single prime refer to the ground and
the electronically excited state, respectively. The quantities ¢, and x, are ob-
tained from Eqs. 1 and 2; p is the dipole operator and integration is over r and
Q . The quantity R, is the electronic transition moment. The relations be-
tween oscillator strength, lifetime and other quantities measuring the absorption

strength are well documented (Herzberg 1950, Peyerimhoff 1992, Larsson this
volume).
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Frequently Eq. 3 is simplified by taking the average of R.i., assuming it is
independent of the nuclear coordinate (Franck-Condon principle)

2
fellelVHVI = glRe'e”lzl < XV//[X,,I > |2 (4)

Hence, very often only the electronic part R, and the vibrational overlap
< xprix, > are considered when discussing absorption strengths.

Numerous calculations of absorption strengths according to Eq. 4 are in the
quantum chemistry literature. Generally, errors are of the order of 10 % or less
if suitable treatment is chosen to obtain the electronic wavefunctions. In many
instances computed values are the only ones available when measurements of
absolute absorption strength have yet to be carried out.

A more extended treatment is required if potential surface interaction occurs,
a situation which becomes increasingly important for higher excited states and
polyatomic molecules with several degrees of freedom. Frequent coupling mecha-
nisms are the coupling due to the nuclear kinetic energy operator (“breakdown”
of the Born-Oppenheimer approximations, as mentioned above) which gener-
ally couples states of the same symmetry and the spin-orbit and Renner-Teller
interactions coupling states of different symmetry. Furthermore, the zero-field
splitting of the spin multiplets of a single state may become as large as the
energy separation between different states in molecules containing heavy atoms
(large spin-orbit effects) and must also be taken into account for the compu-
tation of the absorption strength. In such cases the simple quantity of Eq. 4
serves as a guideline for the magnitude of the absorbing power but may deviate
considerably from reality.

A typical example for the interaction of many potential surfaces of the same
symmetry is given in Fig. 2 which shows the bending curves for excited states
in HCO. Two valence states (denoted by V), one with its minimum at linear
geometry and the other preferring a bent HCO molecule with an angle around
90° |, couple with the series of Rydberg states of ns, npr and npo symmetry, all
of which prefer the linear HCO arrangement; their bending curves run fairly par-
allel to the Rydberg state limit, i.e. the HCO* ion. The perturbed states (solid
curves in Fig. 2) show a complicated pattern for the bending potential curves
with various shoulders, barriers and wells which can be rationalized based on
the dotted unperturbed (diabatic) curves. Note that only the Rydberg states up
to n = 4 are considered in the figure and that the nd series has not explicitly
been taken into account. The first excited state, for example, is characterized
as a valence state in the region between 180° and 160°, has Rydberg character
for bending angles between 160° and 100° and regains more compact valence
character for smaller bond angles. The intensity of a transition from the ground
state to this first excited state thus changes drastically with the angular coor-
dinate (the intensity is generally weak for Rydberg-like transitions and stronger
for suitably allowed valence-like transitions); a very irregular spectrum in the
entire wavelength region is the consequence of such interactions. Such couplings
occur not only in the bending but also in the stretching coordinate as discussed
by Lorenzen-Schmidt et al. (1993) and Peri¢ & Peyerimhoff (1993a,b).
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Fig. 2. Calculated potential curves for the excited states of HCO as a function of the
bending angle (180° = linear). The dominant molecular orbital in a given state is
indicated. Dotted lines refer to the diabatic representation (same character) of states.

Such “non-adiabatic” interactions are often also the cause for non-radiative
deactivation. In rare gas hydrides such as ArH and HeH, for example, interactions
between the repulsive inner part of the potential curves as indicated in Fig. 1
lead to much faster deactivation of the excited states to the ground state than
do the radiative transitions (Hemert et al. 1986, Hemert & Peyerimhoff 1991);
this mechanism explains why the search for the corresponding emission spectrum
was unsuccessful.

A representative example for the coupling due to spin-orbit interaction is the
interaction of the X! 2+ and a3Il states in MgO which is isovalent to the C,
molecule. The situation is shown schematically in Fig. 3. The strength of the vi-
bronic coupling depends on: (a) the magnitude of the spin-orbit coupling between
12+ and 311, (b) on the form of the unperturbed vibrational wavefunctions in
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Fig. 3. Schematic representation of the interaction of the X' X+ and a3l states in
MgO.

the ' 2% and 31T potential wells, in particular their possible spatial overlap and
(c) on the relative energy of the vibrational levels in the two potential wells.

Fig. 4 shows the computed vibronic functions. The 3/7(v = 0,1) and X! £+ (v =
3,4) are essentially unperturbed (Thiimmel et al. 1989). The 3/I(v = 2) func-
tion already shows admixture of the !S*(v = 5) function in the area of the
inner turning point; 317(v = 3) and ! Z+(v = 6) are in near energetic resonance
and hence the two vibronically mixed functions have very different character
as compared to their unperturbed counterpart. For higher vibrational levels the
degree of mixing becomes small again. Absorbtion characteristics for “infrared”
transitions (within the ! 2% and the 31T vibrational states) or “electronic” transi-
tions (between ' X+ and ®IT) are thus markedly changed as soon as the strongly
perturbed levels are involved. Ab initio treatments can fairly easily compute
the necessary spinorbit matrix element, the unperturbed vibrational functions
and the actual coupling. However, their accuracy is generally not high enough to
determine the relative location of the interacting levels to within a few wavenum-
bers so that information about the relative location of potential surfaces to this
accuracy has to come from other sources (spectroscopy).

Vibronic coupling is not very effective if the overlap between the unperturbed
vibrational wavefunctions of the two coupling states is small, even if near en-
ergy resonance of levels and strong coupling is present. This has been shown by
Gemein & Peyerimhoff (1991) for the X! 2+ and a317 and a’3Z+ states in CO;
the ground state vibrational levels which could possibly mix possess quantum
numbers v > 30 and therefore have so many “wiggles” that the overlap integral
with the 21T or 35+ wavefunctions having small vibrational quantum numbers
is very small. This observation that vibronic coupling is not very efficient if the
difference in the vibrational quantum numbers of the unperturbed states is very
large can be considered as a general rule.
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Fig. 4. Calculated vibronic wavefunctionsin the X! 2% —¢®IT interaction zone of MgO.
For labelling of states see Fig. 3. The dotted lines refer to the unperturbed vibrational
functions.

Finally, an example for the importance of zero-field splitting can be found in
the work of Marian (1990) on NiH, which is also briefly discussed by Peyerimhoff
(1992). The NiH ground state ?A is followed by 2£+ and 21T states. Spin-orbit
interaction (L+S) mixes components of 2A and 211, as well as of 2II and 2L,
so that the correct potential curves are 2A5/2, 2A3/2, 2 3/2, 21 1/2 and 221*'/2.
The vibronic functions then also have character of the different electronic states.
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Fig. 4. —continued. Calculated vibronic wavefunctions in the X* X+ — a® I interaction
zone of MgO. For labelling of states see Fig. 3. The dotted lines refer to the unperturbed
vibrational functions.

3 The spectrum of CH}

The occurrence of the CH} ion in mass spectroscopy is well known since its
detection (Hogness & Kvalness 1928) 65 years ago; this ion is furthermore as-
sumed to be an important partner in chemical reactions. The first spectroscopic
indication for its existence came in 1961 from Herzberg (1961) and since then
various efforts to characterize this ion spectroscopically have failed to be success-
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ful. Only very recently (Rosslein et al. 1992) were the infrared transitions of the
v3 band seen. The best characterization of this molecule comes from various ab
initio calculations (Bartholomae et al. 1981, Reuter & Peyerimhoff 1992). The
bending potential curves for the two lowest states are seen in Fig. 5 as taken
from our own work (Reuter & Peyerimhoff 1992).

E/ci

200004
}-

1§o 150 910 < HC H;deg

Fig. 5. Calculated potential curves for CH} and vibrational levels: full lines K = 0,
dashed lines K = 1 quantum numbers.

The lowest CHJ state is a 21T and is split by the Renner-Teller effect into the
X2%A; state in which the molecule is slightly bent (around 140°) and the A2B,;
state which prefers the linear geometry. The barrier to linearity is predicted to be
of the order of 1000—1100 cm™! (Bartholomae et al. 1981, Reuter & Peyerimhoff
1992).

In principle the three steps for a purely ab initio treatment of the spectrum
are (a) to compute the potential energy surface of the Renner-Teller coupled pair
according to Eq.1, (b) to generate the vibrational wavefunctions (considering
large-amplitude motion) for the three modes on the two “unperturbed” surfaces
and to add rotational functions for motion about the z-axis (linear axis) when
solving Eq. 2, and (c¢) to couple the functions describing nuclear motion on the
two surfaces to produce the vibronic functions in a similar manner as shown
pictorially for the diatomic molecule MgO in Figs.3 and 4. Since we found very
little coupling between the symmetric stretching and bending modes in CHF we
have explicitly treated only the large-amplitude bending motion in the effective
one-dimensional potential which includes the optimized CH distance at each
point (for further discussion see Reuter & Peyerimhoff 1992). Details of the
vibronic mixing will again depend substantially on the relative energetic location
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of the unperturbed levels. The calculated intensity distribution (i.e. the square
of the vibronic transition moment which is the quantity in Eq. 3 without the
factor 2/3 and the energy) for transitions from the lowest ground state level
v2”=0, K =0 to vj = n, K =1 is plotted in Fig. 6.
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Fig. 6. Calculated intensity distribution (square of vibronic transition moment) from
v"” =0, K = to v' = n, K = 1 levels in CH}. Levels which have dominant lower-state

character are denoted by a minus, those with dominant upper state >B; character by
a plus sign.

For low quantumnumbers the typical “infrared” intensity pattern is seen,
i.e. high intensity for the Av = 1 transition, rapidly decreasing for the Av = 2,3
transitions. The first intensity borrowing is seen for the combination v/ = 0 of
the upper and v”’=4 of the lower state (levels of essentially upper state character
are denoted by a plus, those with dominant lower state character by a minus)
so that formally the ¢v”"= 0 to v”= 4 becomes a much stronger absorber while
v" = 0 to v = 0 is weaker than expected. Similar calculations have been carried
out for the other isotopomers CHD*, CD7, as well as for transitions from v” = 0,
K =1tov =n, K =0 (Reuter & Peyerimhoff 1992).

Furthermore, this vibronic coupling is apparent in other properties; predic-
tions have been made for the spin-orbit splitting of the vibronic levels (Reuter
& Peyerimhoff 1992) and the vibronically averaged hyperfine coupling constants
(Engels & Peri¢ 1992). All these results can be used as guidelines to interpret
and understand the overall structure of the CHJ spectrum; numerically accurate
details require higher accuracy in the AE values of the two states than are nor-
mally achieved by the computations. Therefore an experiment from which this
difference could be determined to wavenumber accuracy would be very helpful
for calibration of the potential surfaces which would then allow the accurate
prediction of many properties of the CHF spectrum.
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Fig. 7. Calculated spin-orbit splitting of the vibronic levels of H2O%. The crosses are
experimental data. Solid lines connect the vibronic levels of dominant X2%A; character,
dashed lines those of dominant A?B; character.

A comparison with the HoO% spectrum, treated in an equivalent manner
(Reuter et al. 1991), shows convincingly good correspondence between the mea-
sured and the theoretically predicted results. Fig. 7 compares the measured and
calculated spin-orbit splitting of the various vibronic levels. As a result of the
computational analysis the suggestion made earlier (Weis et al. 1989), namely
that the first observed upper state vibronic level should be assigned to vy = 1
rather than to vj = 0, is strongly supported. Thus we are confident that the num-
bering of the 2A; vibronic levels in earlier analyses (Jungen et al. 1980) should
be corrected by one unit. The calculated barrier to linearity is then 8235 cm™!
(Reuter et al. 1991) or 7948 cm™! (Weis et al. 1989) and not 1000 wavenumbers
higher (9187 cm™?!) as assumed in empirical fits (Jungen et al. 1980).

4 The spectrum of C;H

The spectrum of CoH is even more complicated than that of CHY because (a)
it results from a three-state problem and (b) the CC-stretching motion and the
bending motion are strongly coupled. An extended ab initio study was performed
by Perié et al. {1992).

C;H has two low-energy states: 22+ and 2I1. At small internuclear CC sep-
arations (1.2A) the 2X* state lies below the 21T, around 1.3A the two states
are almost isoenergetic and at larger separations (> 1.4A) the 27T state is the
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lowest energy state. In addition, the Renner-Teller effect is operative so that the
2T state splits into the two components 2A’ and 2A” upon bending. The A’
component interacts (analogously to the situation in Fig. 2) with the 2Z* state
which also takes on 2A’ symmetry upon bending. As a net result the vibronic
wavefunctions possess character from the 22+ state and from the two Renner-
Teller components derived from the %I state (in analogy to the situation in
CHY) with variable mixing coefficients. As expected, the absorption spectrum
is very complex. Based on ab initio calculations (Peri¢ et al. 1992) all lines ob-
served to date in 1%13C and !?H could be assigned. Many more are predicted
so that the experimental search is facilitated. In particular a few “puzzles” have
been solved. Examples are:

(a) In several experiments the energy difference between the (011) vibronic level
(T = 2091 em™?) and the (001) level (T = 1841 cm™!) was found to be
250 cm~!. This is significantly different from the vy fundamental energy of
372 cm™!. These findings are almost exactly reproduced by the calculations
which show an energy difference of 262 em™! (T = 2142 em™! and T =
1880 cm™!) and show that the cause for the unexpected (001) and (011)
difference is not an unusually large anharmonicity but a level shift due to
vibronic mixing of the X*X+ and A%IT states.

(b) The lowest K = 1 vibronic state shows a measured spin-orbit splitting of
—0.34684 cm™!, unexpected for a 2X state. The computed value for the
vibronically coupled 22 —2 IT level of —0.35 cm™! agrees excellently with
the measurements.

(¢) The measured ratio of the splittings of the lines in the ESR spectra of CoH
and CyD attributed to the hyperfine structure of the hydrogen isotope is 6.33
which differs significantly from the expected value of 6.51. The calculations
predict a value of 6.32 and offer a simple explanation: since the ground state
vibronic levels in C3D lie somewhat lower than in CoH they have a somewhat
smaller percentage of the electronic 2IT character (21T is the higher state in
this case). Since the computed values for the isotropic hyperfine coupling
constant at linear geometry are about 45 MHz for the X state and about —43
MHz for the I state, the actual percentage of X' — II mixing in the vibronic
level is important and the calculations show that vibronically averaged value
for the isotropic hfcc should be slightly larger in C2D than in CoH.

5 Summary

The present contribution has shown in a few representative examples that mod-
ern ab initio calculations are far enough advanced to not only yield potential en-
ergy surfaces but also to predict many other quantities of spectroscopic interest
with quite high accuracy. Results of this quality require that the electronic wave-
functions be of high accuracy by using at least doublezeta atomic orbital basis
sets (see also Langhoff & Bauschlicher this volume) with additional polarization-
type functions; furthermore, a considerable amount of electron correlation must
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be accounted for in the theoretical treatment employed. For all examples the mul-
tireference configuration-interaction method (MRD~CI) was chosen (Buenker et
al. 1978, Buenker & Peyerimhoff 1983). Among the properties discussed (other
than energies) the hyperfine coupling seems to be the most sensitive to the CI
expansion length, while spin-orbit coupling or electronic transition probabilities
seem to show less dependence on the rather large tail (several 100000 compared
to first few 10000 configurations) of the CI expansion.
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