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Abstract: Semiempirical methods for calculating potential surfaces are reviewed, with particular
emphasis on MNDO and related methods. Topics include the rigorous derivation of semiempirical
methods from first principles, the analysis of correlation effects, & comparison between
semiempirical and ab initio transition states, and a survey of applications. Possible improvements
for MNDO-type methods are discussed, and specific refinements are suggested.

1. INTRODUCTION

Over the past two decades the semiempirical methods of quantum chemistry have been described in
several books"s. Therefore the present paper does not attempt a comprehensive review but focuses on
current semiempirical methods for computing potential surfaces, particularly those originating from
the Dewar group, 1i.e. MINDO/36. moo’. and Mla. These methods are widely used in computational
studies of organic molecules. This is fllustrated in Figure 1| which indicates that the number of
citations of the original MNDO paper7 now approaches
300 per year. There are probably two reasons for this

50} sewo0: Jacs 90, w08 N popularity: First, the accuracy of the results 1is
Citotions per yeor

sufficient for many applications involving larger
molecules as can be seen from Table 1 which lists
150 average absolute MNDO errors9 for a representative set
of 138 molecules consisting of the elements H, C, N
and 0. Second, the methods are computationally
5 efficient, This is demonstrated in Table 2 by timings
for tetracene CISH\Z’ buckminsterfullerene CGO' and an

200+

77 78 79 B0 8! 8 8] 8L & 85 unbranched alkene CSOHYO(}‘ The geometry of the largest
of these molecules with 297 geometrical varisbles can

Figure 1. Citations per year for ref.? be optimized in less than 2 minutes on current
from Science Citation Index. supercomputers using a vectorized version of our
programm.

In view of the widespread application of MNDO-type methods it seems desirable to reinvestigate
their theoretical foundations based on important new developments in ab initio quantum chemistry
over the past ten years. This will be done in the first part of the present paper which also
includes a more detailed assessment of the performance of semiempirical methods in certain areas.
The results from this dicussion will be used in the second part to explore some ideas for possible
improvements of existing MNDO-type methods.

*Based on a lecture at the Dewar Symposium {Austin, February 26, 1988).
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Table 1. MNDO: Mean absolute errors & for N cmparisonsg.
N [

Heats of formation 138 6.3 kcal/mo}

Bond lengths 228 0.014 A

Bond angles 9 2.8°

[onization potentials 51 0.48 ev

Dipole moments 57 0.30 0

Table 2. MNDO: Computation times {sec)®

b [3 d e [
Molecule NAO Nv TSCF TGRO TOPT
th‘z . DZh 84 15 0.8 0.1 5.1
C60 v Iy 240 2 9.2 1.1 28.2
CSO“]OO' Cs 300 297 14.6 5.1 104.3

a) For CRAY X-MP with 2 8.5 ns cycle. In the scalar mode the times for
large molecules are higher by a factor of 10. b) Number of AOs.

c) Number of geometrical variables. d) Time for SCF calculation with
convergence criteria of 1075 ev for the energy and 1078 for the diagonal
density matrix elements, e} Time for gradient calculation.

f) Time for geometry optimization.

2. CURRENT STATUS OF SEMIEMPIRICAL METHODS

2.1 Derivation from first principles

The most rigorous theoretical justification for semiempirical methods rests on the theory of
effective valence shell Hamiltonians ”'13. The basic concept of this approach is susmmarized as
follows 12. Consider an infinite basis set consisting of core orbitals, valence orbitals, and
excited orbitals, and distinguish between two types of N-electron determinants: Those in the
primary space P with core orbitals filled, excited orbitals empty, and valence electrons
distributed among the valence orbitals in any conveivable manner, and those in the secondary space
G with excitations from the core orbitals and/or into the excited orbitals. Now the objective is to
derive an effective valence shell Hamiltonian H' such that a full configuration interaction (Cl)
treatment in the primary valence space P yields the exact experimental energies £ for the valence
states of a given system. This can be achieved by writing the exact Schrddinger equation in block
matrix form and solving formally for RY. In standard matrix notation 12

Mor Moo/ \G %

- H) W (2)

v
H = Hpp 4 HPQ(EIQ o0 e

H'c, = EC, {3

Hence an effective Hamiltonian exists which acts only on the valence space and nevertheless
produces the exact energies for all valence states. It s this effective Hamiltonian which
semiempirical methods try to approximate more or less successfully,

Moreover it is clear from the derivation that electron correlation is included partly in the
definition of the effective Hamiltonian (eq.(2)) and partly in the valence shell CI treatment
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{eq.{3)}. To be more specific any nondynamical correlation associated with near-degeneracies is
recovered in the (] treatment whereas much of the dynamtcal correlation is incorporated into the
Hamiltonian.

An ab initio evaluatton of H' is certainly desirable for an analysis of semiempirical methods.
The computational implementation of eq.{2} requires a number of approxintionsu: Use of 3 large
but finite basis set, a Rayleigh-SchrBdinger perturbation expansion of the inverse matrix in eq.(2)
around zero-order energies, and a quasidegenerate perturbation treatment through second or third
order. This leads to an energy-independent Hamiltonian which {ncludes nonclassical effective
many-electron operators, i.e. three-electron terms in second order and four-electron terms in third
order. Using these approximations ab initio calculations have been carried out for first- and
second-row atoms‘s'm, for transition metal atomsza, for diatomic hydrides such as CHZ"R, for
homonuclear diatomic molecules such as Lized“zs. 0226'27. and 5228. and for the simplest conjugated
* -system (trans-butadiene)zg. These calculations have established the effective Hamiltonian
approach as a viable ab initio technique because the results are of similar accuracy as in more
conventional ab initio studies employing basis sets of comparable quality,

In the present context the wmost important conclusions from these calculations are those
16,23,25,28,29 which relate the ab initic matrix elements of the effective Hamiltonian to existing
semiempirical methods in order to check their validity and suggest possible improvements. The main
results from this point of view are summarized in the following.

{a} In the case of .a:tc:ns]s’18 the HY approach leads to good agreement with the seatewpirical one-

and two-electron 1ntegra1s39 only after including a suitable awmnge‘6 of the nonclassical
three-electron matrix elements of H'. The semiempirical one-center integrals which have originally
been derived from experimental energy levels can thus be reproduced by an ab initio procedure,
within the accuracy of the latter,

16,21 29

{b) The WY calculations for atoms and for trans-butadiene™” support the concept of reduced
effective two-electron Coulomb interactions in current semiempirical methodss'a. The semiempirical
Coulomb integrals are considerably lower than the corresponding ab initio values at the SCF level
{from Hop 1n eq.{2)). The Jlowering of the effective Coulomb repulsion is mainly due to
s-correlation in the case of trans~butadiene29 {from the second term in eq.{(2)) and to the
nonclassical three-electron terms in the case of the atonsls'z‘.

{c) The ZDO approximatfon for the two-center two-electron matrix elements of H® holds reasonably
well in a Lowdin orthogonalized basiszs. The two-center two-electron Coulomb interaction from the
' appr;;;ch can be fittedzs better with a Klopman-Ohno fomla31’32 than with a Mataga-Nishimoto
formula™",

{d} The one-center two-electron matrix elements of H' show a correlation-induced bond length
dependence23'25'28 which is not included in current semiempirical schemes. Likewise, novel! bond

;gngghzsdependences are suggested for several interactions on the basis of the HY calculations

{(e) The generally assumed proportionality between resonance and overlap integrals turns out to be a
reasonable approximation which can be improved by adding a second term proportional to the square
of the overlap23‘25’28

{f) The role of the nonclassical three-electron matrix elements of NY which have no counterpart in
traditional semiempirical methods requires further study. These terms are fairly targe in atoms
15-18 and diatomic hydride521'23, but relatively small in S‘,‘,Z’8 and trans~butadienezg. It is not
clear whether they can generally be absorbed with sufficient accuracy by averaging them into the
one- and two-electron matrix etefnentsm.

After descriding a number of interesting results from ab initio calculations based on the
effective Hamiltonian approachn"z some practical limitations should also be pointed out (see
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ref,13 for a critical theoretical discussion}. First, at present the number of published H'
calculations seems too small to allow for safe generalizations, particularly with regard to the
transferability of the results to larger molecules. Second, even in the favorable case of atoms
16’2‘. the quantitative accuracy of the HY calculations 1s still limited as can be seen from a
comparison between experimental and theoretical second- or third-order results {see e.g. Table 4 of
ref. 21). Therefore, the H' calculations have not yet reached the point where they could reliably
predict an optimum semiempirical Hamiltonian and thus guide semiempirical developments into
well-defined directions. Nevertheless, the effective Hamiltonian approach has already now been very
valuable in clarifying the theoretical foundations of semiempirical methods, in providing new
qualitative insights, and in suggesting certain improvements,

2.2 Analysis of correlation effects

As shown in the preceding section, a full Cl treatment in a valence basis with a suitable
effective Hamiltonian can, in principle, give exact energies for the valence states. This is the
conceptual basis of the MNDOC methodu. a correlated version of MNDO. MNDOC employs a semiempirical
Hamiltonfan which {s completely analogous to MNDO and which, in particular, contains reduced
effective two-electron interactions accounting for a large part of the dynamica) correlation (see
eq. (2)). The correlation in the valence shell is treated explicitly in MNDOC (see eq. (3)).

Technically speaking a full Cl treatment in the valence space becomes too expensive for larger
molecules so that suitable approximations must be used. Our reference method for ground states is a
configuration interaction between the S(F determinant and all singly or doubly excited
configurations, optionally with corrections for higher excitattans35'37. In the framework of the
MNDOC approach the results from such Cl calculations are reproduced quite efficiently and
accurately by second-order perturbation theory, particularly the Brillouin-Wigner variant with
Epstein-Nesbet denominators {(BWEN), where the deviations from the (! correlation energips are
usually less than 2 kcal/mol. Therefore, this perturbation approach is the method of choice in
MNDOC calculations of ground states. In excited states™, or generally in cases with complicated
bonding situations, it is necessary to use the more accurate PERTCI treatment”. f.e. CI for the
most important configurations according to the wusual selection criteria followed by a BWEN
perturbation treatment for the remaining configurations.

After these technical preliminaries we turn to a comparison between MNDOC and MNDO in order to
analyze correlation effects at the semiempirical level. As indicated before MNDOC is parametrized
after including valence shell correlation explicitly while MNDO s parametrized at the SCF level,
These parametrizations attempt to correct for the shortcomings of semiempirical models, in an
average sense. Hence, MNDOC and MNDQ differ in that the MNDG parameters must also account for the
effects of valence shell correlation which are treated explicitly in MNDOC,

Table 3 compares the MNDO and MNDOC results for a set of 64 organic ground-state molecules. It
is obvious that the results are of similar quality, MNDOC being slightly superior for heats of
formation and bond angles, but not for bond lengths. This similar overall performance indicates
immediately that correlation effects in organic ground-state molecules are so uniform that they can
effectively be absorbed, in an average sense, by a semiempirical parametrization at the SCF level,
This view s confirmed by & more detailed analysis of the correlation effects in MNDOC. First, the
correlation energies are approximately additive, i.e. one can define bond correlation energies”
{e.g. for C-H, C-C, C=C, CEC) and then estimate the correlation energies for larger molecules by
adding these bond contributions. The deviations between these estimated and calculated correlation
energies are small, typically 2 kcal/mol or less. Second, the correlation-induced changes in
optimized bond lengths are also rather small and quite similar for a given bond in different

molecules, e.g. for C=C in different a!kenesu.
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Table 3. Mean absolute errors for ground states (N coa-parisons)u.

N MNDO MNDOC
Heats of formation (kcal/mol) 64 6.2 5.3
Bond lengths (A} 148 0.014 0.017
Bond angles (deg) n 2.9 2.6

These reqularities are found not only at the MNDOC level, but also in ab initio calculations.
In analogy to the MNDOC case ab inttio bond correlation energies have been derived‘0 at the
second-order Moller-Plesset level for 3 standard basis sets and 21 types of bonds involving the
elements H,C,N,0 and F. Estimates of the correlation energies of 26 other molecules based on
additivity of these bond contributions show mean absolute errors of only 2-3 kcal/mol. Similar
results have been obtained a at the fourth-order Moller-Plesset level for a smaller set of
molecules, with a mean absolute deviation from additivity of less than 2 kcal/mol.

Indirect support for the hypothesis of fairly uniform correlation energies in the ground
states of organic molecules comes from recent attempts to derive heats of formation sHe from ab
initio SCF total energies ESCF by substracting appropriate multiples of empirical atomic constants

A..
J

He = ESCF - jznj Aj (4)
The resulting deviations from experiment depend on the basis se!:s42 used and on the number (Hj) of
:gp:;icn constants AJ per atom. Table 4 summarizes the results for neutral ground-state molecules

If one employs one empirical constant per atom the 3-21G heats of formation show average
absolute errors similar to AM1 or MNDO while those for 6-316' are lower. [f one introduces several
such cdnstants per atom depending on its molecular environment the 6-316' results become
impressively accurate. This success at the SCF leve!“'“’ is, of course, only possible if the ab
initio correlation corrections to the total energy can be absorbed in the empirical constants of
eq.{4) which implies an approximate additivity of these corrections.

Table 4. Mean absolute errors alkcal/mol) for heats of formation
obtained from ab initio SCF total energies (N comparisons},

M

5
HCNOF Basis N A Ref.
1111 3-216 78 6.6 43
111 6-316* 88 4.3 43
3Ty - 6-316* 52 1.9 44
56752 6-316* 75 1.2 45

In summary there is strong evidence both from semiempirical and ab initio calculations that
the correlation effects on energies:"‘w"36 and gt':otm:tr'ies“’a2 are bondspecific, transferable, and
rather uniform in ground states of organic molecules. Therefore these effects can be taken into
account by a parametrization at the SCF level, and fast semiempirical SCF methods such as MKDO or
AM1 are well suited for studying these systems,

2.3 Transition states

Qualitative arguments and experience from ab initio studies suggest that spacific correlation
effects may occur in electronically excited states, in reactive intermediates with unusual bonding
situations, and 1in transition states of chemical reactions where bonds are being broken or formed.
In these cases an explicit treatment of correlation is expected to be necessary even at the
semiempirical level so that the MNDOC approach should be appropriate. This section will focus on
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one of these areas, namely transition states, because there is an additional reason for this
choice.

As often stated a major motivation in the development of semiempirical methods is the desire

to study the detailed course of chemical reactions where theory may provide information which is
hard to obtain experimentally, e.g. transition structures. MNDO-type methods may face an objection
in this regard because they have been parametrized for ground-state minima on potential surfaces so
that their predictions for transition states may be viewed merely as uncertain extrapolations on
potential surfaces. It +{s therefore important to establish the reliability of semiempirical
calculations in this area and to clarify the role of correlation effects in this connection. Due to
the lack of sufficient experimental data this can only be done by comparing the semiempirical
results with those from high-level ab initio calculations which are now available for transition
states of small organic syste-s‘z’”.
For these cwparisonsw'49 we have selected a set of 24 thermal reactions on the potential
surfaces of ethylene, formaldehyde, methanol, ketene, propene, formic acid, and glyoxal. This set
includes six [1,2]- and two [1,3)- sigmatropic hydrogen shifts, five other intramolecular
resrrangements, four 1,1 - and three 1,2- eliminations of "2' and four other dissociation
reactions. We find that the qualitative features of the potential surfaces are generally predicted
by MNDO and MNDOC SCF calculations in complete analogy to the ab initio SCF caICulations‘a. The
same types of minima and transition states are obtained, with only one exception on the methanol
surface‘e. When compared with the best correlated ab initio treatments, MNDO, MNDOC and ab initio
SCF share one particular qualitative deficiency in that they predict significant barriers to
[1,2] -hydrogen shifts in certain carbenoid species‘8 which disappear at higher theoretical levels.
Therefore, MNDO and MNDOC appear suitable for scanning potential surfaces to assess their
qualitative features although it might happen that some feature may change at higher theoretical
levels.

More detailed results are presented in Figure 2 and Table 5. It is obvious from Figure 2 that
the optimized MNDOC and ab initio SCF geometries are quite similar for all planar transition states
studied; the same applies for the nonplanar structures‘s. The statistical evaluation in Table S
indicates that MNDOC reproduces the ab initio SCF transition structures slightly better than MNDO,
the mean absolute deviation being 0.07 (0.03) A for the bond lengths of "active" (“"passive") bonds,
6° for bond angles, and 8° for dihedral angles. Furthermore, in the majority of cases, the MNDOC
SCF transition structures are similar to the ab initio SCF one in the sence that every single
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Figure 2 (a) Correlations between calculated barriers. From left to right for each system: MNDO
SCF, ab initio SCF, ab initio BEST, MNDOC BWEN. See ref. 48 for details.(b) Planar structures drawn
to scale. Solid lines - ab initio SCF, crosses - atomic positions in MNDOC.
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Table 5. Mean absolute deviations® of transitton state predictions‘a.

NP MNDO WDOC b initio

reference
Bond length (A) 12 0.057 0.056  SCF
-active® 70 0.078 0.073  SCF
-passive® 42 0.018 0.025  SCF
Bond angle (deg) 58 7.9 6.2 SCF
Dihedral angle (deg) 20 1.6 7.9 SCF
Barrier (kcal/mol) 24 13.6 11.2 SCF
22 21.9 8.7 BEST

a) Semiempirical vs. ab initio. b) Number of comparisons. c) "Active®
bonds are broken or formed, "passive” bonds remain formally unchanged.

deviation in the bond lengths and angles is below 0.1 A and 10°, respectively. Based on these
similarities one may usually expect semiempirical SCF transition structures to be realistic
although there will certainly be exceptions. Therefore the following two checks are always
recommended.

First, for a given reaction, the energy difference between reactants and products should be
calculated reasonably well because otherwise general considerations such as the Bell-Evans-Polanyi
pr1nciple50 and the Hammond postulate 3 would suggest that the transition state might be too early
or too late on the reaction coordinate. Second, a correlated calculation should be carried out at
the SCF transition structure to make sure that the SCF configuration is dominant and represents the
zero-order wavefunction well. This is true for most of the thermal reactions s'.udied49 but there
are several cases where the SCF configuration contributes less than 90% to the correlated
wavefunction. In these cases the transition structure should be reoptimized at the correlated level
which may lead to changes of more than 0.1 A and 10° in distances and angles, respecnvely‘g.

Correlated calculations at the SCF transition structures also show that activation energies
may be influenced significantly by correlation effects even when geometries are not affected much.
For the reactions studied inclusion of valence shell correlation in MNDOC tends to decrease the SCF
barriers by varying amounts, in the range between 0 and 20 kcal/mol. This is due to the fact that
the correlation energy is usually larger in the transition state than in the reactants which is
intuitively reasonable since bonds are being broken and formed in the transition state. This
"extra” correlation energy is typically of the order of 10 kcal/mol in the MNDOC framework. It {s
not taken into account in MNDO SCF calculations which consequently tend to overestimate the
barriers.

Figure 2 illustrates how the calculated activation energies are lowered by the correlation
corrections which are often actually of similar magnitude at the MNDOC and ab initio \eve!s‘g. If
we accept the best avatlable correlated ab initio barriers as reliable reference data, the
correlated MNDOC barriers are more accurste than the MNDO SCF ones, with a mean absolute deviation
of about 9 kcal/mol (or 11%) for MNDOC (see Table 5). Hence explicit inclustion of electron
correlation does help to improve the semiempirical activation energies.

In conclusion it is often sufficient in semiempirical studies of thermal reactions to locate
the transition structures at the SCF level whereas barriers should preferadbly be determined with
correlation corrections. This procedure is computationally feasible because the calculations become
costly only if geometry optimizations have to be carried out at the correlated level“"g. More
detailed gutdelines are avmlable49 concerning the treatment of correlation in more complicated
cases. Generally speaking the comparisons between the semiempirical and high-level ab initio
results have clarified the accuracy which can be expected in semiempirical calculations of
transition states, not only for geometries and energies (as discussed here), but also for
zero-point vibrational corrections to barriers and for activation entropies‘s.
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2.4 Survey of applications

For an assessment of the current status of MNDO-type methods it would certainly be desirable
to present comparisons with experiment and to discuss applications as comprehensively as possible.
The literature up to 1982 has been reviewedsz for MINDO/3 and MKDO based on the entries in Chemical
Abstracts, with some additional references from 1983 and 1984. In view of the growing number of
publications in this area (see Figure 1) a complete survey of applications is not feasible,
Therefore this section will concentrate mainly on MNDO applications since 1983 and list references
to selected papers which either give comprehensive evaluations for certain properties or report
studies of chemical reactions.

Comparisons with experimental heats of formation, geometries, fonization potentials, and dipole
moments are usudlly included in the papers which provide the parameters for a given element. MNDO

parameters are available for hydrogen7’9, chiua“, beryﬂim“ 55, carbon7’g. nitrcgen7’9,
58,59

oxygen7’9. fluoriness. alwinm57, stlicon R phosphorussa. sulfurao’ﬂ, chlorinesz. zincm,
gemn'luna. b"oainess. tin“. and iod1n967. Systematic MNDO evaluations have been reported for
czst*ions68 (119 closed-shell and open-shell systems; W,C,N,0}, for radica1s69 (62 systems;
H,C,N,0,F,C1), and for anions70 (65 systems; H,C,N,0,F), First and higher MNDO ionization
potentials”‘n {289 ionizations between 6 and 20 ev; H,C,N,0,5) show a mean absolute error of 0,55
e¥ at the SCF level (Koopmans' theorem) which drops to 0.29 eV after including correlation
correctionsn. Electron afflnitiesm are calculated with a mean absolute error of 0.43 eV in
molecules with a delocalized HOMO (26 systems; H,C,N,0,F). MNDO vibrational frequencies]3 (686
vibrations of 51 molecules; H,C,N,0,F,5,C1) show fairly regular deviations from experiment, e.g.
stretching frequencies being too high by 10-20%. Systematic MNDO evaluations are also available for
proton afﬁnittesu’ys {see ref.76 for AM] results}), isotope effectsn’?s. and excited statesw'n‘
Theoretical studies of chemical reactions are among the most important applications of MNDO
and related methods. The following 1ist contains & number of typical examples for such
applications.
a) Rearrangement of azulene to naphtha\eneao.
b) Rearrangement of tetra-tert-butyltetrahedrane to tetra-tert-butylcyclobutadiene
reaction in the tetramethy! cationez.
c) Allowed and forbidden dimerisations of benzene 8

d) Stereoselectivity of the addition of alkylidenecarbenes to olefines .
86

, boron

8 and analogous

83,84

e} Stereospecific [2+2] cycloaddition of cyclopentyne with olefines® .
f) Regiospecific alkylation of midessy.
g) Regioselectivity in [3+42] cycloadditions and dipolar 1.4 cycloaddiuonsss‘sg.

h)} Regioselective second metalation of Li-substituted aromatic systemsgo'm.

1) Mechanism of the Canizzaro reactiongz.
3) Mechanism of the (laisen rearrangemnt”.
k) Mechanism of the benzilic acid and related rearrangmntsga.
1) Cheletropic reactions of polycyclic cocpoundsgs.
Decarbonylation of neutral and cationic tropones and benzotropones%.
n) Unimolecular reactions of methyl acetate and its sulphur analogue597.
Reactions of bent alkynes with ethylene, water, and hydroxide anionsga.
p} Hydroboration of alkenes, alkynes and carbony1599'wo
q) Photochemical [1.3] OM-shift in CN2=CH-CH2-0H10‘.
r} Photochemical rearrangement of naphthvalene to naahthalenewz.
s} Photochemical a-cleavage in singlet and triplet states of foma]dehydem:i.
t} Alkylation of nucleophiles by diazonium ions as a model for DNA reactionsm‘.
u) Reaction of atomic oxygen (’P) with organic molecules as a model for enzymatic reactions
{cytochrome pasg)103-108
Although the above list i{s certainly far from being complete 1t should indicate what types of
MNDO applications are feastible in the field of chemical reactivity. Concluding this section it is

—

—

]
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hoped that the literature givens'g'34‘38'48"9'52'108 will enable the reader to assess the
strengths and weaknesses of current semiempirical methods and to form an own opinifon on their
capabilities.

3. PERSPECTIVES

3.1 General considerations

In spite of the usefulness of the existing MNDO-type methods there is always the need for
improvements. From an application-oriented point of view the following features would seem
desirable in the development of an improved method.

a) The results should become more accurate (cf. Table 1).

b) Calculations should be possible for still more elements including e.g. transition metals and
heavy main-group elements.

c) Reliable results should be obtained for wmore properties. As an example, photochemical
applications would benefit if the ground-state surface and the lower excited-state surfaces
could be calculated with the same accuracy.

d) Any new semiempirical method should be designed such that analytical first and second
derivatives are avajlable for the efficient exploration of potential surfaces.

e) The computational speed of the current methods should be retained as much as possible (cf.Table
2).

From a more technical point of view it would also be advantageous to formulate a new
semiempirical method in terms of a Gaussian basis to make use of available ab initio codes for
integral evaluation, e.g. in the context of analytical derivatives.

In principle there are two ways for improving existing semiempirical methods, either with
regard to the underlying theoretical model or with regard to the parametrization. When faced with
this chotice it seems more promising to aim for improvements in the model. This follows from a
comparison of existing methods: The superiority of MNDO over MINDO/3, for example, can be traced
back to a more refined treatment of the two-center Coulomb interactions since it can be shown]09
that the inclusion of higher muitipole interactions in MNDO produces specific effects in the
calculation of molecular properties which account for most of the qualitative differences between
MNDO and MINDO/3. Likewise, in those cases where MNDOC is superior to MNDO, one can usually find
specific correlation effects which are responsible for these differences. Also relevant in this
connection is the comparison between AM] and MNDO. AM1 is based on the same theoretical model as
MNDO but uses a more flexible and highly parametrized core repulsion function. For certain
important areas of application AM] is more suited than MNDO but the mean absolute errors for the
two methods remain of comparable magnitude and are generally only slightly lower in AM1, Given the
considerable effort that has gone into the AM] parametrization it seems unlikely that further
significant overall improvements of an MNDO-type method can be found by a mere reparametrization.

Looking for improvements in the underlying theoretical model it should be clear from our
previous discussion that correlation effects are presently not the limiting factor for the accuracy
of MNDO-type treatments, at least in the case of ground-state organic molecules. Therefore the next
sections will focus on improvements at the SCF level which is certainly appealing from a
computational point of view.

3.2 Effective core potentials

The core electrons are treated in MNDO-type methods as point charges located at the respective
nucleus, 1.e. each core electron is assumed to reduce the effective nuclear charge by ). Many ab
initio studies over the past decade have shown, however, that in addition to this zero-order effect
the core electrons produce an effective repulsive potential acting on the valence electrons which
is mainly due to exchange repulsion and orthogonality constraints (see ref.110 for a review). If
one includes these effective core potentials properly, ab initio valence-electron calculations lead

m

to similar results for relative energies, geometries, and force fields as ab tnitio all-electron
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calculations with similar basis sets. There seems to be a general consensus that the effective core
potentials are best represented in seamilocal form!10. Simple Gaussian expansions for these

potentials have been published for most atoms in the Periodic Table along with compact Gaussian

basts sets 127114
1ns

derivatives

. Computer codes are available for the relevant integrals up to analytical second
which can easily be incorporated into semiempirical programs provided that one is
prepared to work with Gaussian basis sets which is desirable anyway (see above).

Therefore it seems feasidble to improve semiempirical models by explicitly including effective
core potentials which have proven to be realistic in ab initio studiesno']u. This will lead to an
additional steep short-range repulsion between atoms with core electrons. An improved description
of the core electrons ts expected to be especially important for atoms with a large core, e.g. for
second-row atoms and other heavy atoms where MNDO faces more problems than in the first row. For
atoms on the left side of the Periodic Table, e.g. the alkali metals, the additional introduction
of a core-polarization potential may be necessary to account for the relatively high polarizability
of the corresponding core electrons as shown in recent ab initio work”s.

3.3 Orthogonalization and penetration effects

Turning to the valence electrons it {s well-known that the semiempirical integral
approximations are best justified when using a Lbwdin orthogonalized basis set]”'”s. In this case
the NDDO approximation for the two-electron integrals is valid through second order in overlap
”9']2‘. and numerical calculations have confirmed that the third-order corrections to these
]22. However, the situation is less favorable for the one-electron

. This can be seen most clearly if the transformation

two-electron integrals are small
i"tegmlslzo,ml.123-127

W12yl (s)

of the one-electron core Hamiltonian matrix from the usual nonorthogonal basis to the Liwdin
orthogonalized basis ( H. M) is written for the special case of a homonuclear molecule with two
orbitals (0N at atom A, . at atom B, overlap Suv):

A - - 2

e o
Wi s w2 (8)
o = By T Sy (i)

€qs.(6)-(8) are exact. The approximate expressions from a second-order expansion of the 57172

matrix‘”'nl have the same structure but neglect the denominators (I-Sw') in eqs.(6)-(7) which
approach 1 for small overlap.

In MNDO-type treatments the two-center matrix elements of the core Hamiltonian, {.e. the
resonance integrals, are assumed to be proportional to the corresponding overlap integrals.
According to eq.(7) this seems reasonable since there is agreement in the literature that the
Quanuty]28 Nuv (see eq.(8)) should be roughly proportional to the overlap. As for the one-center
matrix elements, MNDO-type treatments formally only include the first term of eq.(6), but not the
second one which arises from the orthogonalization. This second term is repulsive since Suv and "uv
usually have opposite signs, and it depends on the bond length approximately 1ike the square of the
overlap (see above). In the two-orbital case this repulsive term {s easily seen to be responsible
for the fact that antibonding orbitals are destabilized more than bonding orbitals are stabilized,
relative to the atomic orbitals. Moreover, looking at the Nez case, it is obvious that this term
also causes most of the Pauli exchange repulsion between closed shells. Considering its physical
significance it seems advisable to include this repulsive term explicitly in improved MNDO-type
models. A reasonable approximation for the general case of a polyatomic molecule may be provided by

-1/2

parametric expressions based on a second-order expansion of the S matrix.
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With regard to the two-center Coulomb interactions current semiempirical methods usually
neglect the penetration integrals]-s. i.e. they assume that the interaction of an electron at atom
A with a point charge at the nucleus of atom B is of the same magnitude as the interaction with a
valence s electron at atom B which is certainly not true in reality. An analytical evaluation of
the penetration integrals (i.e. of the differences between these two interactions) shows that they
are attractive and asymptotically approach zero like the square of an overlap. The same asymptotic
behavior is also found for the repulsive orthogonalization terms (see above) so that it would seem
consistent]27 to include the penetration integrals along with the orthogonalization terms and
thereby improve the description of the two-center Coulomb interactions. The actual representation
of the penetration integrals in an MNDO-type framework must, of course, be compatible with that of
the other Coulomb interactions®™8.

3.4 Preliminary test of proposed improvements
The discussion in the preceding sections suggests that MNDO-type models may be improved by
explicitly including effective core potentials, orthogonalization corrections, and penetration
integrals into the one-center part of the core Hamiltonian. It should be stressed that these 1deas
are by no means newﬂg']:n and that some of these refinements are at least partly incorporated in
other semiempirica)l methodswo'n]. In the existing MNDO-type treataentss’s the three terms above
must “somehow” be contained in the core repulsion function. The simple exponential function used in
MNDO {s certainly overburdened when trying to represent these three physically distinct
interactions. In AM) the core repulsion function is more flexible and can therefore mimic these
interactions more closely, but even so the resulting net repulsion in AM] does not depend on the
charge distribution in the molecule wheras the interactions above are, of course, population-
dependent .The following improvements may be expected from the suggested extension of MNDO-type
models.
(a) The use of effective core potentials should improve the description of second-row and heavier
atoms (see section 3.2).
(b) The 1nclusion of orthogonalization corrections should improve the results for excited states
{see section 3.3).
(c) One may hope for a general gain 1in accuracy because additional physically important
interactions are included in the model.

In order to check these expectations we have carried out some very preliminary tests of a
crude implementation of this approach. Table 6 gives an indication of the results obtained for
hydrocarbonsnz. with the understanding that the formalism is certainly not yet final and that the
parametrization has therefore not yet been pushed to its limit. It is obvious from Table 6 that the
ground-state results from these preliminary tests are already of similar quality as in MNDO but
that the energies of the excited states are much improved as expected (see above).

Table 6. Mean absolute errors for hydrocarbons (N comparisons)

N woo®  TEST?
aHf(kcal/ml) 58 6.0 6.3
Bond lengths (A) 104 0.011 0.012
Bond angles (deg) 38 1.9 1.7
Dipole moments (D) n 0.25 0.12

b

1P ert (e:) 22 0.41 0.26
€ ore(eY) 30 1.49 0.38

a)Approximations as in MNDO except: Effective core potentials according

to ref. 129, orthogonalization corrections from parametric expressions based on
second-order expansion of S”z. Klopman-Ohno scaling of penetration integrals,
no extra core repulsion function. b} First vertical ionization potential
(Koopmans' theorem). c) Vertical electronic excitation energies.
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Given the preliminary nature of these tests it seems probable that the errors in the last column of
Table 6§ can be reduced in the future.

3.5. Larger basis sets

Another potential improvement of semiempirical SCF methods involves the use of a split-valence
basis set, in analogy to ab initio methods where e.g. the 3-21G results are much superior to the
ST0-3G results without costing too much additional computational effort‘z. In a semiempirical
context, however, one may be more sceptical about the prospects of a split-valence basis set. The
use of such a basis would increase the computation times on a scalar computer by almost an order of
magnitude and thus compromise the computational efficiency which 1is one of the trademarks of
existing semiempirical methods. To justify this drawback the results from such an approach ocught to
be much more accurate than e.g. from MNDO. This goal has not been achieved in an exploratory study
133 using a split-valence basis set in the framework of MNDO-type approximations. Therefore the
suggestions in the preceding sections would seem to be more promising than the introduction of a
split-valence basis set.

MNDO-type methods in their present form do not include d-orbitals in their minimal valence
basis. In the case of second-row and heavier elements this chofce restricts applications to those
compounds where these elements appear in their normal valency. However, systematic ab initio
studies have sho«na2 that even for such compounds the basis set should contain d-orbitals, e.g. for
a reliable prediction of bond lengths. For hypervalent compounds d-orbitals are mndatory‘z. of
course. At the semiempirical level an [NDO-based method (SINDOI'30) has recently been extended to
]3‘. with acceptable results being obtained only after including d-orbitals in
the basis. The combined evidence from ab initio and semiempirical calculations thus suggests that

second-row elements

any improved MNDO-type model should make use of an spd-basis for second-row or heavier elements.
This is probably at least as important as the introduction of effective core potentials for these
atoms.

3.6. Reference data for energies

In the development of MNDO-type methods heats of formation at 298 X have been employed as
reference data in the parametrization although the calculations yield only total energies and
binding energies directly. The conversion to heats of formation at 298 K assumes implicitly that
the zero-point vibrational energies and the thermal energies for going from OK to 298 K are
composed of additive increments which can be absorbed by the semiempirical parametrization. There
is some independent evidence for the validity of this assumption 135,136 (see also section 2.2). A
direct confirmation has recently been obtained137 by a test in which the MNDO method has been
reparametrized for hydrocarbons using binding energies instead of heats of formation as reference
data and keeping everything else as in MNOO. The resulting parameters were very close to the MNDO
ones, and the overall performance of the results was very similar to MNDO. Hence, the choice of
heats of formation as reference data is not responsible for weaknesses in the existing methods6'8.
Nevertheless, for the sake of theoretical consistency, it seems preferable to use binding energies
for this purpose in future parametrizations.

4. CONCLUDING REMARKS

The present paper has attempted to review the current status of semiempirical MNDO-type
methods and to discuss the perspectives for their further improvement which has led to some
specific suggestions for refinements of MNDO-type models. Much of our discussion benefits from the
progress in the ab initio field over the past decade which helps to clarify the theoretical
foundations of semiempirical methods, to analyze their performance in certain areas, and to provide
new ideas and guidance for further methodical developments.
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Applications of MNDO-type methods have been treated only briefly in the present paper, mainly
by a survey of the literature which indicates the widespread use of the semiempirical methods
originating from the Dewar group. Looking at the literature there seems to be the tendency for a
combined use of the available computational too\ssz {1.e. molecular mechanics, semiempirical, ab
initio) to solve chemical problems which may involve the development of truly integrated approaches
138,139 where the electronically important part of a large system is treated as accurately as
needed and the remainder by a reasonable model. It 1{s anticipated that the combined use of
computational methods will become more important in future studies of chemical behaviour and may
even open new areas of application.

Acknowledgement: This work was supported by the Deutsche Forschungsgemeinschaft and the Fonds der
Chemischen Industrie.

REFERENCES
1. M.J.S.Dewar, "The Molecular Orbital Theory of Organic Chemistry", McGraw-Hill, New York,
1969.
2. J.A.Pople and D.L.Beveridge, “Approximate Molecular Orbital Theory", Academic Press, New
York, 1970.

3. J.N.Myrrell and A.J. Harget, "Semiempirical Self-Consistent-Field Molecular Orbital Theory
of Molecules”, Wiley, New York, 1972,

.Mataga and K.Ntshimoto, Z.Phys.Chem. (Frankfurt) 12, 335 (1957); 13, 140 (1957).
.Thiel, J.Am.Chem.Soc. 103, 1413 (1981).
.R.Langhoff and E.R.Davidson, Int.J.Quant.Chem. 8, 61 (1974).

4. G.A.Segal(ed.), "Modern Theoretical Chemistry", Plenum, New York, 1977, vols. 7-8.
5. M.Scholz and H.-J.Kohler, “"Quantenchemie", Hithig, Heidelberg, 1981, vol. 3.
6. R.C.Bingham, M.J.S.Dewar and D.H.Lo, J.Am.Chem.Soc. 97, 1285 (1975).
7. M.J.S.Dewar and W.Thiel, J.Am.Chem.Soc. 99, 4899 (1977).
8. M.J.S.Dewar, E.G.Zoebisch, E.F.Healy and J.J.P.Stewart, J.An.Chem.Soc. 107, 3902 (1985).
9. M.J.S5.Dewar and W.Thiel, J.Am.Chem.Soc. 99, 4907 (1977).
10. W.Thiel, Program MNDO88, version 2.1, June 1988.
11. K.F.Freed, in ref.4, vol.7, pp.201-253.
12. K.F.Freed, Acc.Chem.Res. 16, 137 {1983).
13.  P.Durand and J.-P. Malrieu, Adv.Chem.Phys. 67, 321 (1987)
14.  M.G.Sheppard and K.F.Freed, J.Chem.Phys. 75, 4507 (1981).
15.  D.L.Yeager, H.Sun, K.F.freed and M.f.Herman, Chem.Phys.Lett. 57, 430 (1978).
16. K.F.Freed and H.Sun, Isr.J.Chem. 19, 99 (1980)
17.  H.Sun, K.F.Freed, M.F.Herman and D.L.Yeager, J.Chem.Phys. 72, 4158 (1980).
18.  M.G.Sheppard and K.F.Freed, J.Chem.Phys. 75, 4525 (1981},
19. J.J.0leksik and K.F.Freed, J.Chem.Phys. 79, 1396 (1983).
20. Y.S.Lee and K.f.Freed, J.Chem.Phys. 77, 1984 (1982); 79, 839 (1983).
21.  H.Sun, M.G.Sheppard, K.F.Freed and M.F.Herman, Chem.Phys.Lett. 77, 555 (1981).
22. H.Sun, M.G.Sheppard and K.F.freed, J.Chem.Phys. 74, 6842 (1981).
23.  H.Sun and K.F.freed, J.Chem.Phys. 80, 779 (1984).
24. T.Takada, M.G.Sheppard and K.F.Freed, J.Chem.Phys. 79, 325 (1983).
25. T.Takada and K.F.Freed, J.Chew.Phys. 80, 3253 (1984).
26. T.Takada and K.F.Freed, J.Chem.Phys. 80, 3696 (1984).
27. J.J.0leksik, T.Takada and K.F.Freed, Chem.Phys.Lett. 113, 249 (1985).
28. X.C.Wang and K.F.Freed, J.Chem.Phys. 86, 2899 (1987).
29. Y.S.Lee, K.F.Freed, H.Sun and D.L.Yeager, J.Chem.Phys. 79, 3862 (1983).
30. L.Oleari, L.DiSipio and G.DeMichelis, Mol.Phys. 10, 97 (1966).
31.  G.Klopman, J.Am.Chem.Soc. 86, 4550 (1964).
32. K.Ohno, Theoret.Chem.Acta 2, 219 (1964).
N
L]
S



7406

36.

S88s

4.
42.

43.
44.
45.
46.
47.
48.
49.
50.

51.
52.
53.

55.
56.
57.

58.
59.

60.
61.
62.
63.
64.
65.
66.
67.

69.
70.
n.
72.
73.

74.
75.
76.
77.
78.
79.

W. THIEL

J.A.Pople, J.S.Binkley and R.Seeger, Int.J.Quant.Chem.Symp. 10, 1 (1976).

D.Cremer and W.Thiel, J.Comput.Chem. 8, 48 (1987).

A.Schwetg and W.Thiel, J.Am.Chem.Soc. 103, 1425 (1981).

H.L.Hase, G.Lauer, K.W.Schulte and A.Schweig, Theoret.Chim.Acta 48, 47 (1978).

D.Cremer, J.Comput.Chem. 3, 165 (1982).

V.Kelld, M.Urban, J.Noga and G.H.F.Diercksen, J.Am.Chem.Soc. 106, 5864 (1984).

W.J.Hehre, L.Radom, P.v.R.Schleyer and J.A.Pople, "Ab initio Molecular Orbital Theory",
Wiley, New York, 1986.

M.J.S.Dewar and B.M.0'Connor, Chem.Phys.Lett. 138, 141 (1987).

N.C.Baird and G.C.Hadley, Chem.Phys.Lett. 128, 31 (1986).

M.R.1brahim and P.v.R.Schleyer, J.Comput.Chem. 6, 157 (198S).

K.B.Wiberg, J.Comput.Chem. 5, 197 (1984).

F.Bernardi and M.A.Robb, Adv.Chem.Phys. 67, 155 (1987).

S.Schrdder and W.Thiel, J.Am.Chem.Soc. 107, 4422 (1985).

S.Schrder and W.Thiel, J.Am.Chem.Soc. 108, 7985 (1986).

M.J.S.Dewar and R.C.Dougherty, "The PMO Theory of Organic Chemistry", Plenum, New York,
1975, pp. 212-220.

G.S.Hammond, J.Am.Chem.Soc. 77, 334 (1955).

T.Clark, “A Handbook of Computational Chemistry®, Wiley, New York, 1985.

T.Clark and W.Thiel, to be published; W.Thiel, in “Quantum Chemistry Program Exchange
Catalog", Indiana University, Bloomington, 1982, vol.14, program 438.

M.J.S.Dewar and H.S.Rzepa, J.Am.Chem.Soc. 100, 777 (1978).

M.J.S.Dewar and M.L.McKee, J.Am.Chem.Soc. 99, 5231 (1977).

M.J.S.Dewar and H.S.Rzepa, J.An.Chem.Soc. 100, 58 (1978).

L.P.Davis, R.M.Guidry, J.R.Williams, M.J.S.Dewar and H.S.Rzepa, J.Comput.Chem. 2, 433
(1981).

M.J.S.Dewar, M.L.McKee and H.S.Rzepa, J.Am.Chem.Soc. 100, 3607 (1978).

M.J.S.Dewar, J.Friedheim, G.Grady, E.F.Healy and J.J.P.Stewart, Organometallics 5, 375
(1986).

M.J.S.Dewar and M.L.McKee, J.Comput.Chem. 4, 84 (1983).

.Dewar and C.H.Reynolds, J.Comput.Chem. 7, 140 {1986).

.Dewar and H.S.Rzepa, J.Comput.Chem. 4, 158 (1983).

.Dewar and K.M.Merz, Jr., Organometallics 5, 1494 (1986).

.Dewar, G.L.Grady and E.F.Healy, Organometallics 6, 186 (1987).

.Dewar and E.F.Healy, J.Comput.Chem. &, 542 (1983).

.Dewar, G.L.Grady and J.J.P.Stewart, J.Am.Chem.Soc. 106, 6771 (1984).

.S.Dewar, E.F.Healy and J.J.P.Stewart, J.Comput.Chem. 5, 358 (1984).

.Halim, N.Heinrich, W.Koch, J.Schmidt and G.Frenking, J.Comput.Chem. 7, 93 (1986).

.Bischof and G.Friedrich, J.Comput.Chem. 3, 486 (1982).

.J.S.Dewar and H.S.Rzepa, J.Am.Chem.Soc. 100, 784 (1978).

.Schulz, A.Schweig and W.Zittlau, J.Mol.Struct. (Theochem) 127, 115 (1985).

R.Schulz, Ph.D.Thesis, University of Marburg, West Germany, 1983.

M.J.S.Dewar, G.P.Ford, M.L.McKee, H.S.Rzepa, W.Thiel and Y.Yamaguchi, J.Mol.Struct. 43, 135
(1978).

G.P.Ford and J.D.Scribner, J.Comput.Chem. &, 594 (1983).

$.0livella, F.Urpi and J.Villarrasa, J.Comput.Chem. 5, 230 (1984).

M.J.S.Dewar and K.M.Dieter, J.Am.Chem.Soc. 108, 8075 (1986).

S.8.Brown, M.J.S.Dewar, G.P.Ford, D.J.Nelson and H.S.Rzepa, J.Am.Chem.Soc. 100, 7832 (1978).
S.Gabbay and H.S.Rzepa, J.Chem.Soc.Farad.Il 78, 671 (1982).

M.J.S.Dewar, M.A.Fox, K.A.Campbell, C.C.Chen, J.E.Friedheim, M.K.Holloway, S.C.Kim,
P.B.Liescheski, A.M.Pakiari, T.P.Tien and E.G.Zoebisch, J.Comput.Chem. 5, 480 (1984).

[ PR U S S S S
[T T 7 B ¥ B V. BV B V. I ¥ ]



81.
82.
83.

85.

87.

89.

91.
92.
93.

95.

97.

99.
100.
101.
102.
103.
104.
105.
106.

107.
108.
109.
10.
11,
ne.
113.
114,
115,
116.
17.
118.
19,
120.
121.
122.
123.
124.
125.
126.
127.
128.

129.
130.

A
H
R
R
Y
S
B
H
H
L]
L]
H
M
1.Rajyaguru and H.S.Rzepa, J.Chem.Soc.Perkin I1 1819 (1987).
M
G
C
L]
M
M
6
3
M
G
A
A

A
J
W
M
W
W
W
P
J
W
p
P.0.Lowdin, Adv.Quant.Chem. 5, 185 (1970).
K
R
G
0
1
1
S
S
J
R
M
D

Semiempirical methods

.J.S.Dewar and X.M.Merz, Jr., J.Am.Chem.Soc. 108, 5142, 5146 (1986).
.Schweig and W.Thiel, J.Aa.Chem.Soc. 101, 4742 (1979).

.Bock, B.Roth and G.Maier, Chem.Ber. 117, 172 (1984).

.Engelke, P.J.Hay, D.A.Kleier and W.R.Wadt, J.Chem.Phys. 79, 4367 (1983).
.Engelke, J.Am.Chem.Soc. 108, 5799 (1986).

.Apelotg, M.Karni, P.J.Stang and D.P.Fox, J.Am.Chem.Soc. 105, 4781 (1983).
.0livella, M.A.Pericas, A.Riera and A.Solé, J.Chem.Soc.Perkin 11 613 (1986).
.C.Challis, J.N.lley and H.S.Rzepa, J.Chem.Soc.Perkin II 1037 (1983).
.Gotthardt, J.Blum and K.-H.Schenk, Chem.8er. 119, 1315 (1986).

.Gotthardt, H.-G.Kinzelmann, U.Feist and J.Buddrus, Chem.Ber. 119, 2317 (1986).

.Neugebauer, T.Clark and P.v.R.Schleyer, Chem.Ber.116, 3283 (1983).
.Baver, T.Clark and P.v.R.Schleyer, J.Am.Chem.Soc. 109, 970 (1987).
.S.Rzepa and J.Miller, J.Chem.Soc.Perkin II 717 (1985).

.J.S.Dewar and E.F.Healy, J.Am.Chem.Soc. 106, 7127 (1984).

.J.S.0ewar and L.Chantranupong, J.Am.Chem.Soc. 105, 7161 (1983).
.Holzmann, G.Frenking and B.Steiner, J.Chem.Soc.Perkin II1 1943 (1984).
.B.Lebrilla and H.Schwarz, J.Chem.Soc.Perkin 11 237 (1987).

.F.Majer, G.C.Lau and A.B.McEwen, J.Am.Chem.Soc. 107, 4724 (1985).
.J.S.Dewar and M.L.McKee, Inorg.Chem. 17, 1075 (1978).

.J.S.Dewar and M.L.McKee, J.Am.Chem.Soc. 100, 7499 (1978).
.J.M.Dormans, H.R.Fransen and H.M.Buck, J.Am.Chem.Soc. 106, 1213 (1984).
.A.Halevi and W.Thiel, J.Photochem. 28, 373 (1985).

.Reinsch, U.Howeler and M.Klessinger, Angew.Chem. 99, 250 (1987).
.P.Ford and J.0.Scribrer, J.Am.Chem.Soc. 105, 349 (1983).
.T.Pudzianowski and G.H.Loew, Int.J.Quant.Chem. 23, 1257 {(1983).
.T.Pudzianowski, G.H.Loew, B.A.Mico, R.V.Blanchflower

and L.R.Pohl, J.Am.Chem.Soc. 105, 3434 (1983).

.T.Pudzianowski and G.H.Loew, J.Phys.Chem. 87, 1081 (1983).
.P.Shea, S.D.Nelson and G.P.Ford, J.Am.Chem.Soc. 105, 5451 (1983).
.Thiel, J.Chem.Soc.Farad.1l 76, 302 (1980).

.Krauss and W.J.Stevens, Annu.Rev.Phys.Chem. 35, 357 (1984).
.Schneider and W.Thiel, J.Chem.Phys. 86, 923 (1987)

.J.Stevens, H.Basch and M.Krauss, J.Chem.Phys. 81, 6026 (1984).
.R.Wadt and P.J.Hay, J.Chem.Phys. 82, 284 (1985).

.J.Hay and W.R.Wadt, J.Chem.Phys, 82, 270, 299 (1985).
.Bretdung, W.Thiel and A.Komornicki, to be published.

.Miller, J.Flesch and W.Meyer, J.Chem.Phys. 80, 3297 (1984).
.0.Lbwdin, J.Chem.Phys. 18, 365 (1950).

.R.Roby, Chem.Phys.Lett. 11, 6 (1971); 12, 579 (1972).
.0.Brown and K.R.Roby, Theoret.Chim.Acta 16, 175 (1970).
.S.Chandler and F.E.Grader, Theoret.Chim.Acta 54, 131 (1980).
.B.Cook, P.C.HO11is and R.McWeeny, Mo!.Phys. 13, 553 (1967).
.Fischer-Hjalmars, Adv.Quant.Chem. 2, 25 (1965).
.Fischer-Hjalmars, J.Chem.Phys. 42, 1962 {(1965).

.de Bruijn, Chem.Phys.Lett. 54, 399 (1978); 61, 420 (1979).
.de Bruijn, Int.J.Quant.Chem. 25, 367 (1984).
.Spanget-Larsen, Theoret.Chim.Acta 55, 165 (1980).
.S.Mulltken, J.Chim.Phys. 46, 497 (1949).

.C.Zerner, Mol.Phys. 23, 963 (1972).

-N.Nanda and K.Jug, Theoret.Chim.Acta 57, 95 (1980).

1407



7408 W. ThiEL

131, M.J.Filatov, 0.V.Gritsenko and G.M.Zhidomirov, Theoret.Chim.Acta 72, 211 (1987).
132.  M.G.Hicks and W.Thiel, unpublished results.

133.  W.Thiel, Theoret.Chim.Acta 59, 91 (1981).

134.  K.Jug, R.Iffert and J.Schulz, Int.J.Quant.Chem. 32, 265 (1987).

135. M.C.Flanigan, A.Komornicki and J.W.Mclver, in ref.4, vol.8, pp.1-47.

136. J.M.Schulman and R.L.Oisch, Chem.Phys.Lett. 113, 291 (1985).

137. M.G.Hicks and W.Thiel, J.Comput.Chem. 7, 213 (1986).

138. M.J.Frisch, American Conference on Theoretical Chemistry, Gull Lake, July 1987.
139. P.A.Bash, M.J.Field and M.Karplus, J.Am.Chem, Soc. 109, 8092 (1987).



