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Interactions of Excited Lithium Atom with Molecular Hydrogen. III.
Orthogonality Constrained MCSCF+NCI Calculations of
Potential Energy Surfaces and Electronic Wave Functions

in the Potential Crossing Region
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A method of calculating the excited state MCSCF electronic wave function by constraining it to be
orthogonal to the predetermined ground state wave function was applied to calculate wave functions of the
Li-H; system near the center of a conical intersection of the lowest two potential energy surfaces. Combined
with an additional nonorthogonal configuration interaction process, it has proved to be an efficient method to
get systems of wave functions that are continuous throughout whole geometries. Qualitative characters of wave
functions near the center of potential crossing previously inferred have been reconfirmed.

Nonadiabatic transition is a key process to all
physicochemical phenomena involving electronically
excited states. It participates in every process where
electronic energy is converted in to other kinds of
energy. Its detailed mechanism, particularly how
electrons will behave at the moment of transition, is of
great theoretical interest.1-9.18.35,37.389 Quenching of
the fluorescence of alkali metal atoms by simple
molecules is a prototype of relevant phenomena and
suitable for detailed theoretical investigation, and has
been the subject of many experimental and theoretical
works.10-43

Many authors25-28.41-49 have applied the classical
trajectory method to potential energy surfaces calcu-
lated by some semiempirical methods. In those
studies, discussion was often neglected on the nature of
wave functions and detailed shapes of potential
surfaces in the nonadiabatic region were often
neglected. In ab initio calculation of wave func-
tions#4.47-50,52,59) 3]s0, most concern has been given to
detailed shapes of potential energy surfaces in their
crossing regions and not to the nature of wave
functions themselves.

For the Li-Hs system, ab initio calculations of wave
functions using large basis sets have been reported
only for limited geometries.34:36.39 Neither calculation
of complete three-dimensional potential hypersurfaces
nor analysis of wave functions near the center of their
conical intersection3® has hitherto been carried out by
anyone including ourselves, despite their importance
for detailed understanding of the nonadiabatic process.
This is mainly because, as reported in the preceding
paper,® direct MCSCF calculations of excited states
for such geometries suffer convergence difficulties.

§ Present address: Ashigara Research Laboratories, Fuji
Photo Film Co., Ltd., Nakanuma, Minamiashigara, Kanagawa
250-01.

8  Present address: Fujitsu Ltd., 3-21-8, Nishishinbashi,
Minato-ku, Tokyo 105.

Even if fortuitous convergence has been achieved,
potential energy surfaces thus obtained often show
apparent irregularities near crossing geometry, yield-
ing electron density maps inadequate to excited states.
Such cases have usually been treated by the state
averaged MCSCF (SA-MCSCF) method.#-591 Using
the method with weight factor 0.5 for lower accom-
panying states, we have obtained5¥ smooth potential
curves for the ground and excited states, but they lie
somewhat higher than the corresponding curves
obtained by the ordinary MCSCF method. Moreover,
we have not been able to obtain SA-MCSCF functions
if we use the weight factor 0.0 for lower states. This
leaves some ambiguity in wave function obtained. To
overcome these difficulties, we have introduced a new
alternative method® to obtain excited MCSCF wave
functions. It amounts to minimizing the energy re-
quiring the function to be orthogonal5® to a pre-
determined MCSCF ground state (hereafter, this
method will be abbreviated as OC-MCSCEF).
OC-MCSCF gives exactly the same function outside
the crossing region as the conventional MCSCF
method, and gives potential surfaces which seem to
stand for smooth interpolations of potential surfaces
obtained in the left and right sides of the crossing
region, just as the SA-MCSCF method does, but
energies are, in general, lower than those obtained by
the SA-MCSCF method. The above-mentioned achieve-
ment of the present method has been gained by
sacrificing, for general C, geometries,5¥ the generalized
Brillouin theorem® to some extent. (SA-MCSCF
functions with nonzero weight factors for lower
accompanying states also may not fulfill the theorem.)
Moreover, excited MCSCF function(s) in the potential
crossing region may, in general, not be properly

T Other methods of calculating correlated wave func-
tions, such as Cluster Expansion Methods, CEPA, and MP2,
are left aside here, and treatments in the MCSCF domain are
discussed.



2782

hamiltonian-orthogonal to the ground MCSCF func-
tion independently calculated for the same geometry.
Thus, in our scheme, a final nonorthogonal
configuration interaction process (NCI) is taken from
among all CSF’s constituting the pair of ground and
excited MCSCF functions. This guarantees the
mutual orthogonality and hamiltonian-orthogonality
of the final pair of MCSCF functions.

In this paper, we report the whole unified potential
surfaces for the Li-H2 system thus obtained. The
nature of wave functions will also be discussed using
suitable electron density maps.

Method of Calculation

The geometric parameters are shown in Fig. 1. The
basis functions are the same as used in an earlier
work.3® Dill and Pople’s 5-21G basis set was used for
Li atom, and for H atoms the 4-31G basis set of
Ditchfield et al.’® was augmented by p-polarization
functions of exponent 1.0 before use. All calculations
were done with C; symmetry of molecular orbitals. No
further symmetry constraint was applied to orbitals
even in higher symmetric geometries than Cgz. This
was necessary to avoid any discontinuities in potential
surfaces.35:39 The selection of CSF was of CAS%? type.
The inactive space consisted of la’ orbital, and the
active space consisted of (2a’—6a’) and 1a” orbitals.
Orbitals from 7a’ to 15a’ and 2a”, 3a”, and 4a” were
taken to be virtual. The resulting 45 CSF’s corre-
sponded to those of the minimal basis full valence
calculation.

Ground state MCSCF functions were calculated by
the standard one-step Newton-Raphson procedure
using an exponetial formalism incorporated with a
mode control and a mode damping process.6? Near
the center of the conical intersection of the ground and
the excited state potential energy surface, each excited
state wave function was calculated with a constraint of
being orthogonal to the corresponding ground state
wave function, by using a slight modification of the
original MCSCF program, as reported in the preced-
ing paper.5¥ When the geometry was far from the
critical geometry, both the constrained and the un-
constrained program gave exactly the same result.

—Li

Fig. 1. Geometrical parameters for the Li-Hasystem.
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In practice, we adopted the natural orbital expan-
sion for all MCSCF functions to make their expres-
sions unique since CAS wave function forms are
invariant to any orbital rotations in the active space.

Then, we adopted the nonorthogonal configuration
interaction for all CSF’s (45X2=90 in all) constituting
the primary pair of ground and excited MCSCF wave
functions to get the final expression of states

= %A‘;c) O + ﬁV}A(E) o®
1=1 '=l i 1 ’

where @{©@’s are the CSF’s obtained for the ground
MCSCEF function, and @®’s are those for the excited
MCSCF function. 4®’s and A®’s are taken freely to
make < | H| ¥> stationary under a sole condition of
<P P>=1.

Results and Discussion

1 C2v Geometry. (1) Potential Energy Curves in the
Immediate Neighborhood of the Center of Inter-
section: Figure 2 shows the total energies of the
system calculated by the method described above along
some reaction coordinate defined earlier3® on the Cay
potential energy surface. The solid lines show the
results before NCI and the chain lines show those after
NCI. The ground state energies (filled circles in Fig. 2)
were obtained directly by the usual MCSCF method,

MMotal energy/hartree

N\
N\
1 1 B R
0.02 0.01 0.0 -0.01 -0.0
r/bohr

Fig. 2. Comparison of potential energy curves near
the point P along the reaction coordinate r calculated
by conventional MCSCF: (@, A), OC-MCSCF: (O),
OC-MCSCF+NCI: (I, 0).
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Ru-n/bohr

RLi-H2 /bohr

(a) X?A,

Fig. 3.

near their crossing seam (broken lines).

(b) A?B,

Contour plots of the two lowest potential energy surfaces

Energies are given in

hartrees. P is the lowest point on the crossing seam.

while the excited state energies (open circles in Fig. 2)
were obtained by OC-MCSCF using the corresponding
ground state as reference. As seen in the figure, no
irregularities occur in the OC-MCSCF curve as is
usually reported in SA-MCSCF calculations, #.48-50.52,59 11
The open triangles in the figure indicate energies of
excited states when the constraint was not applied.
When the geometry was relatively far from the P point,
i.e., 7220.01 or r<—0.015 bohr, open triangles fell on
the open circles, and the wave functions with and
without constraint were identical after the MO’s were
transformed to natural orbitals. As we see from the 3a’
natural orbital electron density maps in Figs. 5(a) and
(b), for example at r=0, the symmetry of the wave
functions by the method are correctly of Ca, even
though no Ca constraint was put on the MO form.
The typical energy lowering by the NCI was 7X10—4
hartree at the P point. For further details see Ref. 54.
(2) Cz2v Potential Energy Surfaces in the Crossing
Region: Figure 3 shows the lowest two potential
energy surface contour maps thus obtained for a wider
range of geometries around the central point of the
crossing region. The broken lines indicate the cross-
ing seam between the surfaces. The location and
energy of the P point (the lowest point on the seam)
are Rii1,=—2.9344 and Ry-n=1.9520 bohr, respectively.
It lies 1.1X10-3 hartree lower than the energy of
Li(?P)+Hz('327F). The depth of the pond on the
excited state potential surface is 1.26X10-2 hartree, and
its bottom is located at (Ryri-u,=3.35, Ru-u=1.55 bohr).
These values deviate somewhat from the values of

Tt In this case also, we got smooth SA curves some
5X1073 hartree shifted upwards relative to the OC-MCSCF
excited and ground state curves. (cf. Ref. 54)

Hobza and Schleyer.3¥ The difference may be due
mainly to the basis set quality, but may also have
resulted from the small NCI size adopted in the work.
Even the size of the wave function set used in the
present NCI may be sufficient in improving both
qualities and some of the energies of MCSCF functions
in the vicinity of the potential crossing center, but for
other geometries it is rather insufficient. Increasing
the size of NCI would have no difficulty and may
improve the whole of the unified potential surfaces.
The results will be reported in future papers. The
main additional task in OC-MCSCF plus NCI pro-
cedure over the usual MCSCF procedure is the
construction of second order transition density matrix
elements between the ground and the excited state.
This did not cause any methodological difficulties, but
required about 20% extra CPU time over the ordinary
procedure in iterations.

It should be noted that we have found a small dip in
the Cav ground state potential energy surface. It is
located at (Rpi-u,=11.8, Ru-u=1.4 bohr) and has a
depth of 8.2 phartree. It probably corresponds to the
van der Waals interaction of Li(2S) and Hz(13}). A
minimum also is observed in our Cw, calculations at
(RLi-n,=12.3, Ru-u=1.4 bohr), and its depth is 5.2
phartree.  Hobza and Schleyer3® also reported a
minimum on their potential energy surface for Cey
symmetry (Ryi-u,=11.4, Ru-n=1.4 bohr, 30 phartree’t).

2 C; Geometry. The OC-MCSCF method was most
effective in computing the excited states in G
geometries. Figure 4 shows part of the various poten-

1t Referring to Table 1 of Ref. 34, we obtain the
numerical value for the depth given above, instead of
“13 kcal mol—1” given in the text of that paper.
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tial curves obtained by three methods, conventional
MCSCF, OC-MCSCF, and OC-MCSCF+NCI, when
the Hz molecule was rotated from the Cay geometry of

-8.515

-8.520

Total energy /hartree

10 15

6/ deg.

Fig. 4. Potential energy curves of the ground state
and the first excited state vs. rotation angle 6 from
the Cz geometry at point P. Ruyin, and Ry.y are
fixed constant. Conventional MCSCF: (@, A), OC-
MCSCF: (O), OC-MCSCF+NCI: (I, 0O).
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the point P with Ryin, and Ru-n kept fixed. The
actual calculation was started from #=90° (Cwy) and
proceeded step by step down to §=0° by using the
converged MC function at a previous geometry as the
Oth approximation of iteration. The OC-MCSCF
function at 6=90° was obtained from the function at
(RLi-n,=3.0, Ru-u=1.4 bohr, 6=90°), the latter func-
tion being calculated in the opposite direction, i.e., by
starting from (Ryi-u,=3.0, Ru-u=1.4 bohr, 6=0°, Cy,)
and increasing 6 up to 90°. At the last geometry, there
was no ambiguity in identifying the ground and
excited state MCSCF functions since they are sufficient-
ly outside the geometric region where the usual
MCSCEF procedure shows irregularities.

In Fig. 4, as 6 decreases from 20°, the MCSCF excited
state curve deviates upward from the OC-MCSCF
curve and reaches the energy E’, somewhat higher than
that of the MCSCF ground state at §=0° (E,). The
energy E’ is equal to the energy of the excited state
obtained by an MCSCF calculation on Cz, geometries
(E" in Fig. 2). An electron density map analysis also
has shown that the MCSCF excited state thus obtained
has no correct Cz, symmetry. These reveal the in-
adequateness of the conventional MCSCF method for
the central portion of potential crossing geometries.
(We have made many other attempts by starting with
different Oth approximations or using different algo-
rithms, but none of them has been successful.) On the
other hand, the OC-MCSCF curve reaches Eo just at
0=0° and there occur no discontinuities between the
Czvand C; potentials. After the MO’s were converted to
natural orbitals, the OC-MCSCF function at 0=0° was
identical with that obtained in section 1-(1). The 3a’

-4.0 . L L L { f
-3.0-2.0-1.9 8.0 1.0 2.0 3.0 4.0 5.0

(BOHR)

(b)

Fig. 5. Contour plots of 3a’ natural orbital electron density maps at P (a) the X2A;
state obtained by conventional MCSCF and (b) A%B; state obtained by OC-MCSCF.
The numbers 1, 2, -+, and 7 beside the contours indicate electron density of 6.325X 104,
1.125X10-3, 2.000X10-3, 3.556X10-3, 6.325X1073, 1.125X10-2, 2.000X10~2 electrons

bohr=3, respectively.
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Fig. 6. Similar maps as in Fig. 5, after NCIL
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(b)

Contour plots of 3a’ natural orbital electron density maps at a geometry where

H: is rotated 4.0° from the geometry of P with RLi-ny and Ry-n. (a) the 12A’ state ob-
tained by conventional MCSCF and (b) 22A’ state obtained by OC-MCSCF. Figures
besides contours have the same meaning as in Fig. 6.

natural orbital electron density maps of the ground
and excited states are thus identical with Figs. 5(a) and
(b), which show the correct symmetry of the functions.
As seen in Fig. 4, the NCI splits the energies of the
almost degenerate OC-MCSCF function pair at 6=0°.
As a consequence, the intersection of the 2A; and 2Bg
curves in Cy, geometry shifts somewhat, as seen in Fig.
2. At the same time, we get small but definite energy
improvements (cf. section 1-(1)) at the geometry.
Common to all results reported hitherto,35.37.38)
there is a minimum (at §=5° with a depth of 4.4X10-3
hartree relative to §=0°) in the ground state curve,
while the excited state curve increases monotonically

as 0 increases.

Figures 6(a) and (b) are the 3a’ natural orbital
electron density maps of the pair states at 0=0° after
NCI. They also show Ca symmetry.™t Figures 7(a)
and (b) show similar density maps taken at §=4.0°
before NCI. It is seen that both the functions have
their own unique natures widely differing from each
other. It is a favorable feature for them to be the basis
of the succeeding NCI step since as we are inclined to
gather a maximum degree of information from the

1t The interchange between the 2A; and 2B state
energies is due to the shift of the P point noted above.
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Fig. 8. Similar maps as in Fig. 7, after NCL

Fig. 9. Computer graphical representation of the
12A’ and 22A’ adiabatic potential energy surfaces in
6 and r dimensions near the apex of the conical
intersection.

primary MCSCF function of limited size to construct
final functions. In this connection, Hosteny and
Hagstrom®? and Petsalakis et al.62:63 have argued that
the effect of NCI may be comparable to that of an
ordinary large size CI when the two sets of CSF’s differ
considerably. Figures 8(a) and (b) are the maps after
the NCI. The improvement by NCI of the main fea-
tures of these maps had turned out not to be very
significant,"11 and the features of the final function
are in good agreement with those reported earlier for
less quantitative calculations (minimal basis valence
CAS,33.39 minimal basis full CI,3? and SCF+NCI3®
using the same basis set as the present one) with

11t The apparent interchange between the characteris-
tics of 12A’ and 22A’ maps is for the same reason as given in
the footnote. 111

respect to the bonding nature of the shorter Li-H in
the ground state and the bonding nature of the longer
Li-H in the excited state.

In order to obtain certain cross sections of the three
dimensional hypersurfaces, we carried out similar
calculations starting with many geometries for the
reaction coordinate of section 1-(1). Using some inter-
polation techniques, these results were combined to
give two sheets of potential energy surfaces. Figure 9 is
a computer graphical representation of these surfaces.
The outlook of these surfaces is very much the same as
reported earlier,? but it is now more quantitative,

Conclusion

In summary, the OC-MCSCF and the additional
NCI procedure described in this and the preceding
paper provide an effective means of constructing
excited state MCSCF functions and of the correspond-
ing ground state functions in geometries where their
potential energy surface fall close to each other or even
cross with each other. The potential energy surfaces
and the functions themselves connect continuously
with the ones calculated by the ordinary MCSCF pro-
cedure outside the critical region, and no discontinu-
ities occur between them. The excited state function is
strictly orthogonal and hamiltonian orthogonal to its
corresponding ground state function. The method is
general, and only a little extra work over the ordinary
method is required in constructing the second order
transition density matrix. Further, by extension of the
size of NCI, the method may give us unified MCSCF
functions and potential surfaces which are good
throughout a wide range of geometries, not restricted
to the nonadiabatic region. The geometrical sym-
metries of the wave functions tested for the present
special case seem to be reasonable.

Conclusions reported in earlier papers concerning
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the behavior of wave functions of the Li-Hj system in
the nonadiabaic region have been reconfirmed in the
present more quantitative calculations.

The authors wish to thank Professor Keiji Morokuma
of the Institute for Molecular Science and Dr. Shigeki
Kato of the University of Tokyo. The calculations
were carried out at the Computer Center of the IMS,
Okazaki National Research Institutes, at the Com-
puter Center of the University of Tokyo, and at the
Information Science Research Center of Aoyama
Gakuin University.
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