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Table IV, Mulliken Gross Carbonyl = Densities in the Ground
and Excited States of the H,CO Monomer and
Dimers ROH - - -OCH»*

O C
H:CO 1.085 0.915
(1.543) (1.457)

ROH: . -OCH,

R=H 1.115 0.885
(1.557) (1.443)
CH; 1.116 0.884
(1.558) (1.442)
NH; 1.123 0.877
(1.562) (1.438)
F cis 1.128 0.872
(1.564) (1.436)
F trans 1.128 0.872
(1.564) (1.436)

2 Densities in parentheses are for the excited states.

performed on the lowest excited singlet states of the
dimers ROH-H,CO have produced vertical excitation
energies which are greater than the vertical n — #*
transition energy obtained for H,CO. Hence, the ex-
perimentally observed blue shift of the n — =* band
upon hydrogen-bond formation is reproduced by the

theory. An analysis of the data shows that the magni-
tude of the blue shift is essentially equal to the strength
of the hydrogen bond in the dimer. Such a relation-
ship suggests that the blue shift reflects the additional
energy required to break the hydrogen bond in the
dimer lowest excited singlet states. This conclusion is
also supported by the nature of the intermolecular
potential curve as a function of R which was found to
be repulsive in the dimer H,O-H,CO. No correlation
in the series of dimers was found between the CI excita-
tion energies and either the change in the energy of the
H,CO n orbital in the dimers or the virtual excitation
energies. The general features of the electron distribu-
tion in H,CO in the dimer excited states are similar to
those observed in the excited state of H.CO itself.
Some of the electron density transfered in the dimer
ground states from H,CO to ROH is transfered back
to H.CO in the excited states.
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Abstract:
CNDO/2, and MOA methods.

A comparative study of the hybridization in some 30 hydrocarbons was made by using the EHT, IEHT,
It was found that the hybridization in hydrocarbons is relatively insensitive to the

method applied. The MOA method gives slightly better hybrids than other semiempirical methods, as judged

from a comparison with available ab initio results and J(**C-H) coupling constants.

The hybrids obtained by the

MOA method might provide a good initial guess for wave functions for ab initio SCF calculations employing

hybrid basis sets.

here are numerous methods and approaches avail-

able for a theoretical study of medium size mole-
cules on the semiempirical level. These methods
often differ in their intended or achieved accuracy.
Some are designed for a description of a single molec-
ular property; others are quite general in their applica-
bility. Many of these approaches are unfortunately
vague about the advantages or disadvantages of the
individual approximations. It seems that the present
trend is to produce more results for increasing numbers
of molecules using the existing methods, rather
than examining the underlying assumptions and evalu-
ating the deficiencies. True, the semiempirical methods
need to be applied to a large number of molecules in

(1) (a) Supported in part by the Air Force Office of Scientific Re-
search through Grant No. AF-AFOSR-1184-67 and the National Sci-
ence Foundation (Grant GP-31373X).  (b) Institute “Rudjer BoSko-
vié.” (c) Harvard University; on leave of absence from the Depart-
ment of Chemistry, Faculty of Science and Mathematics, University of
Zagreb, Croatia, Yugoslavia.

order to test their generality and to avoid a situation
where the selected parameters suit only a small group
of molecules. However, it also seems that the nu-
merous applications of semiempirical methods have
weakened the caution which the underlying assump-
tions suggest. Some attention has been given to the
deficiencies of the diagonal elements,? but a particularly
troublesome problem seems to be the choice of the
off-diagonal elements.? It seems, therefore, that the
comparative study of several semiempirical methods
might be very illuminating, even if it is limited to a de-

(2) A. Viste and H. B. Gray, Inorg. Chem., 3, 1113 (1964); F. A.
Cotton and G. B. Harris, ibid., 6, 369, 376 (1967); C. K. Jorgensen,
S. M. Horner, W, E, Hatfield, and S. Y. Tyree, Jr., Int. J. Quantum
Chem., 1,191 (1967),

(3) F, P. Boer, M. D. Newton, and W. N. Lipscomb, Proc. Nat.
Acad, Sci, U. S., 52,890 (1964); R, F. Fenske and C, C. Sweeny, Inorg.
Chem., 3, 1105 (1964), and subsequent papers in this journal by Fenske,
et al.; G. Berthier, G. Del Re, and A, Veillard, Nuovo Cimento, 44.
315(1966); N. I Feinberg and K. Ruedenberg, J. Chem. Phys., 54, 1495
(1971).
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tailed comparison of the results of diverse methods
for a particular class of molecules. An extensive and
detailed comparison of the results of different methods
may indicate systematic deviations and thus, without
analyzing the underlying assumptions, point to defi-
ciencies in certain approaches and possibly suggest
the remedy.

In this paper we will examine by an extensive com-
parison of the results for hydrocarbons the following
well-known semiempirical methods: (1) extended
Hiickel method (EHT); (2) self-consistent charge method
(SCQC), a variation of the iterative extended Hiickel
method; (3) complete neglect of differential overlap
method, version 2 (CNDO/2); and (4) maximum
overlap approximation (MOA). We shall discuss,
in particular, the notion of the hybridization in the
framework of the molecular orbital theory. For this
purpose we compare the hybrids obtained by different
semiempirical methods mentioned above for some 30
hydrocarbons. This comparison involves adoption
of the particular localization procedure or an extraction
of the s character from delocalized molecular orbitals
(vide infra). Some variations of the results may be
expected when a different procedure is employed.
However, if one definition is applied systematically
on the certain class of similar molecules and the in-
dividual correlations with a selected molecular prop-
erty are made, the absolute values of the nonphysical
parameters are not relevant. They play a role of
dummy variables and serve only to predict the values
of the experimental quantities of similar molecules.
Finally, we compare the semiempirically obtained hy-
bridization in hydrocarbons with some available ab
initio results.

Estimate of Hybridization in Delocalized Orbitals

There are two distinctive approaches for defining
the hybridization in delocalized molecular orbitals:
(1) one firstly transforms delocalized orbitals into a set
of localized orbitals, for which s/p content is easily
deduced; (2) one estimates the s character directly
from delocalized orbitals by introducing an adequate
definition of s content in terms of the coefficients of
the relevant atomic orbitals. Neither of the two ap-
proaches secures a unique definition. The former ap-
proach was investigated thoroughly and leads to about
a dozen localization procedures discussed in the litera-
ture.* The alternative approach received much less
attention and will be briefly presented here, since it
was also adopted in this work. A local hybid orbital
centered at atom A and directed toward atom B is
of the form

VYaB = Csap)(28)a + coam(2pa)a +

cyap(2py)a + caam(2p)a (1)
In the MOA method we assume that all hybrids placed
on the same atom are orthogonal

A
Zcz’(AB)Ci(AC) = panlzc (2)
1

where pap is the population of the hybrid s, which
takes the value 1 for all MOA hybrids. In other
words, the MOA method deals with perfectly covalent

(4) C. Trindle and O. Sinanoglu, J. Chem. Phys., 49, 65 (1968).
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bonds while the other approaches considered in this
paper allow for some charge transfer. We shall see
later that the local hybrid orbitals obtained by the
CNDO/2 and SCC molecular orbital methods are
nearly orthogonal. The quantity

W = coam?/(csan® + czaamy? + cpam? + camy?) ()

gives the relative participation of the s orbital charge
to be associated with ¥ ap and it is called s character.
Wiberg®s suggested that the s character of the CH bond
may well be represented by the square of a bond order
called bond index

WCH = P2sclsH2 (4)

where

occe

P;w = 2i;1cuicvi (5)

is an element of the bond order—charge density matrix
defined analogously to the well-known expression in-
troduced by Coulson in the m-electron theory.®® Wi-
berg found that W.CH quantities obtained from CNDO/
2 molecular orbitals make a good linear correlation
with J(!3C-H) spin-spin coupling constants. Trindle
and Sinanoglu®e generalized this approach by intro-
ducing a relative magnitude of the appropriate bond
indices as a definition of the s content

WAB = Woan)/(Wean + Wean +
Wy(AB) + Wz(AB)) (6)

where
Wiap = (1/2)%31)»2 (i=s,x2)

The summation is confined to the orbitals belonging
to the atom B. For a well-localized bond® the defi-
nition of s content of Trindle and Sinanoglu reduces
approximately to that of Wiberg (eq 4). Equation 3
was used for the calculation of hybridization in local-
ized orbitals. The Trindle-Sinanoglu formula (eq
6) has been applied to the molecular orbitals calculated
within the zero-differential overlap (ZDO) approxi-
mation in order to extract the corresponding s char-
acters. In MO methods which include overlap inte-
grals, e.g., EHT and SCC, one cannot apply directly
eq 6. The hybridization in these methods, however,
could be defined in the following way. Let us con-
sider a closed shell molecule with N valence electrons.
The normalization condition gives the relationship

oce

23, fwido=nN @)

where ¢, is a molecular orbital which, in turn, is a
linear combination of atomic orbitals

‘P‘[ = Zcuigpp. (8)
“
Substituting (8) into (7) we obtain
ZP## + 2Z<ZP#VS#V =N )
“ w<w

(5) (a) K. B, Wiberg, Tetrahedron, 24, 1083 (1968); (b) C. A. Coul-
son, Proc. Roy. Soc., Ser. A, 169, 413 (1939); (¢) C. Trindle and O.
Sinanoglu, J. Amer. Chem, Soc., 91, 853 (1969).

(6) A bond is well localized if the pair of electrons is to a high ex-
tent distributed over the region of the bond in question,
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Table 1.

The Overlap Integrals between the Geminal Hybrids for Methane,

Acetylene, and Cyclopropane as Calculated by the CNDO/2 and SCC Methods

Molecule
Method Methane Acetylene Cyclopropane
CNDO;2 S(CH,CH) = —0.001 S(CC,CH) = 0.033 S(CC,CC) = 0.007
S(CH,CH) = (.024
ScC S(CH,CH) = 0.073 S(CC,CH) = 0.002 S(CC,CC) = —0.076

S(CH,CH) = 0.024

where S,, is the corresponding overlap integral; S,
= fo.edv, and P,, is the element of the already men-
tioned density matrix, eq 5. It was tacitly assumed here
that the valence atomic orbitals placed on the same
atom were mutually orthogonal. The way of the
summation in eq 9 is quite arbitrary. Therefore, we
can express a distribution of the electronic density as
a sum of atomic and bond contributions

A A DB
D2 PLA + 2300 5 3 PLARS,AR = N (10)
E A<Bu<vy

where the summations over A and B are extended on
all atoms in a molecule. The first term of eq 10 gives
a portion of the charge placed solely on atoms. There-
fore, this part of the electron charge is not involved
in the covalent bonding. The second term represents
the charge distributed along the chemical bonds. It
contributes to the covalent bonding and could be termed
‘““active charge,” since it provides some measure of
the bonding power. We can define a bond index as
a part of the “active charge’ belonging to the bond in
question.

A B
WAB — 2ZZP“yAB S,,AB

w< ¥

an

The partitioning of the *“active charge” WAB to the
constituent atoms A and B is quite arbitrary. There
are many definitions of the formal charge of an atom
in a molecule available in the literature.’> We shall
adopt Mulliken’s suggestion™ which is expected to
give quite reliable results for hydrocarbons’® Ac-
cording to Mulliken population analysis, the ‘“‘active
charge” WAB should be divided equally among the
participitating A and B atoms. Now we can define
a part of the “active charge’ of the 2s, orbital which is
involved in the A-B covalent bond
B

Wsam = szsAuABSnAyAB (12)
The active charge of all four orbitals of atom A dis-
tributed along the A-B bond is (1/2)W2BE. The s
character of the Yap hybrid is the properly normalized
Waam) quantity

WAB = Woam /(M) WAE 13)

This equation is completely analogous to 6, which
holds within the ZDO approximation. One easily
finds out that the s characters defined by eq 13 are
rotationally invariant. It can be shown that the ex-

(7) (a) See for instance R, E, Christoffersen and K. A. Baker, Chem.
Phys, Lett., 8, 4 (1971), and the references cited therein; (b) R, S,
Mulliken, J, Chem. Phys., 23, 1833 (1955),

(8) G. De Alti and V. Galasso, Chem. Phys. Lett., 8, 223 (1971),
have shown that several widely diverse recipes for orbital population
analysis give qualitatively the same results,

pression like (13) should to be applied in methods
which employ overlap integrals. Namely, by neglect-
ing the overlap contributions, the s characters of the
CH hybrids for ethane, ethylene, and acetylene, as
calculted by the SCC method, are 11.6, 170, and 31.5%7,
respectively. The modified approach by using for-
mula 13 gives 27.8, 32.5, and 42.2%, respectively,
which is close to the results obtained by other semi-
empirical methods and quite close to the values of
25.0, 33.3, and 3097 which correspond to idealized
sp?, sp? and sp hybridizations. Finally, a comment
about the orthogonality conditions 2 should be made
at this point. They are adopted in the MOA method
as a postulate which is based on the following simple
picture; the local hybrid orbitals represent perturbed
atomic orbitals which satisfy the local symmetry
requirements. According to Hund’s rule their spins
are parallel and consequently their spatial wave func-
tions avoid each other as much as possible due to the
Pauli principle. On the other hand, it can be easily
calculated that the hybrids obtained by the semiem-
pirical MO methods are practically orthogonal. The lo-
cal hybrid orbital calculated by eq 6 or 13 is of the form

Vas = V Wean)(2)a + vV Weian)(2p2)a +
V Wyap(2p)a + V Woaam(2p.)a  (14)

The overlap integral between two geminal hybrids
V¥ap and Yac placed on the same atom A is given by
eq 15. The overlap integrals between the hybrids

f Yas¥acdo = VW,ap Weso +

VWoamyWeaor + V Wysn Wyaao +
VW Waao (15)

obtained by the CNDO/2 and SCC methods for meth-
ane, acetylene, and cyclopropane are shown in the
Table 1. The deviations from the orthogonality are
very small and the hybrids obtained by the semiem-
pirical MO methods can be directly compared with the
corresponding hybrids calculated by the MOA ap-
proach. It is interesting to point out that the overlap
between the Yoo hybrids describing he cyclopropane
ringis also negligible.

Description of the Methods Examined

The extended Hiickel method is described in a
number of publications.? For a number of molecules
listed in Tables I and II, the results were not available
and therefore have been evaluated for the present
comparative study. The self-consistent charge method

(9) R. Hoffmann and W, N. Lipscomb, J. Chem. Phys., 36,2179, 3489
(1962).
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Table I. Comparison between s Character of C-H Hybrids
Obtained by Different Semiempirical Methods (in Percentage)

2

&> L A =

A B C D
[ 47 &7 &
E F G H

CNDO/ Em-
Molecule Bond EHT: SCC? 2a MOA-¢ pirical
Methane 27.5% 27.8 25.0 25.0 25.0
Ethane 29.3  25.6 24.6 25.4  25.0
Cyclobutane 32.2 26.1 27.4  26.8
Ethylene 4.5 32.5 30.8 31,5 31.3
Benzene 34.8 32.5 28.8 31.5 31.8
Cubane 35.6 30.6 321 32.0
Cyclopropane 3.9 33.4 30.3 28.6 32.2
Acetylene 45.0 42.2 44.5 44.5 49.7
Primazane 38.3* 38.8 34.8 34.1
A C-H 38.3* 38.9 34.2 32,1 32.8
C-H 31.8 32.0 27.5 28.9 28.8
B C-H 40.2* 41.0 3506 38.6 40.6
C:-H 32.4% 32.8 32,18 33.0 30.4
C C-H 33.060 33.3 38.66  33.0 34.0
C-H 33,7 34.1 32.8 30.0
C-H 41.8 42.6 38.7° 39.1 440
D C-H 36.3% 37.0 33.3 354 34.0
C-H 31.00 31.3 26.5  27.9 28.0
C-H 34.1® 344 28.66  31.0
C~H 37.2> 37.4 4.1 35.4
F C-H 31.9 32.1 25.1 28.7 27.8
Cy—Hexe 29,45 29.6 24.2 25.9 26.0
C-H 30.6® 30.8 25.3 27.4 26.0
G C-H 31.6* 31.8 25.5 28,3 29.2
C-H 35.% 36.1 31.6 33.4 345
C-H 30.7" 309 24.9 27.4 271
H C-H 38.8 39.6 33,18 35.8
C-H 36.9% 37.1 35,3 34.0
Cs-H 33.6¢ 34.1 32,060 33.3

2 Taken from ref 12, if not otherwise stated. ? This paper.
¢ Taken from M. Randié¢ and Z. B. Maksié, Chem. Rev., 72, 43
(1972), and the references cited therein.

was applied as developed by Drago, et al.,'® while
for some molecules listed in the tables, the results of
CNDO/2-MO calculations of the form introduced by
Pople, et al.,'! were available.!*»!? For the remaining
molecules, we performed the MO calculations. The
maximum overlap method is described in a number
of publications of the present authors.!* We give a
concise statement about the MOA method and a
brief discussion on the underlying assumptions.

In the maximum overlap method one searches for
optimal hybrid parameters ¢ of the individual hybrids,
eq 1, subjected to the orthogonality requirement 2,

(10) P. C. van Der Voorn and R. S. Drago, J, Amer. Chem. Soc., 88,
3255 (1966); W, O, White and R. S. Drago, J. Chem. Phys., 52, 4717
(1970).

(11) I. A, Pople, D, P, Santry, and G. A. Segal, J. Chem, Phys., 43,
S 129 (1965); J. A. Pople and G. A. Segal, ibid., 43, S 136 (1965); 44,
3289 (1966).

(12) F. Jordan, Dissertation, University of Pennsylvania, 1967,

(13) G. E. Maciel, J. W. Mclver, N, S. Ostlund, and J. A, Pople,
J. Amer, Chem. Soc., 92,1 (1970).

(14) M. Randi¢ and Z. B. Maksié, Theor. Chim. Acta, 3. 59 (1965);
Z. B. Maksi¢, L, Klasine, and M. Randié, J. Chem. Soc. A, 755 (1966),
and subsequent papers in J, Chem. Soc., Theor. Chim, Acta, and Croat,
Chem. Acta.
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so that a suitably weighted sum of bond overlaps
Siotat = kcu 2 Scu + kec 2 Scc (16)
&H &

has a maximum value. Here Scc and Scm represent
bond overlaps of CC and CH bonds, respectively.
The weighting factors kog = 135.9 and kce = 121.2
kcal mol—! take into account the difference in energy
of different bonds. In cyclic systems, hybrids gen-
erally deviate from the internuclear lines. In these
cases p orbitals are decomposed into the parallel and
the perpendicular to the bond components

p = cos &(p,) + sin &(p,)

Here & denotes the deviation of the hybrid from the
internuclear vector. It should be pointed out that
double and triple bonds are treated within the o-7
approximation in the MOA approach.

The maximum of the expression for Sy is found
by a numerical trial and error procedure. One starts
with assumed initial hybrid compositions, e.g., sp?,
sp?, or sp hybrids, and then by a systematic variation
of all independent parameters approaches the optimal
values. A simultaneous variation of all these param-
eters would be time consuming. However, the hy-
brids at a single atom do not strongly depend on the
assumed hybridization in the neighboring atoms.
Consequently, the parameters can be varied successively.
In practice each of the independent parameters (hy-
brid exponent n in sp® notation) to be optimized is
varied in steps of 0.02 (sometimes 0.01) over the range
of plausible values. This usually means about 1000
individual calculations of the total overlap for opti-
mization per one independent parameter. Thus, it
is not likely that the resulting calculated hybrids are
due to local maximum or due to saddle points.
In some cases hybrids on the same atom are strongly
influencing results (like in the case of fused rings
of highly strained bonds), and in such cases it is
desirable to vary two or more hybrids simulta-
neously to secure that the orthogonality conditions do
not restrict the results to a local solution. The opti-
mizing procedure used has resemblance with a rather
sophisticated subroutine, known as VAO4, written
by M. J. Powell and available through the Quantum
Chemistry Program Exchange. !?

The experimental bond lengths were used in MOA
calculations whenever they were available. If they
were not known, the standard bond lengths of Dewar
and Schmeising,!® which differentiate various sp™-
sp™ and sp”-sy bond types (n and m are integers), were
employed. This is not a serious inconsistency as
already discussed in a previous paper.” Namely,
it was shown that the hybrids obtained by using experi-
mental bond lengths give only slightly better agreement
with experimental quantities. The method of calcula-
tion of hybrids assumes that all hybrids in acyclic mole-
cules or the noncyclic part of cyclic and polycyclic sys-
tems follow perfectly the corresponding bond directions.

(15) The subroutine VAO4 search for optimal parameters minimizes
a function of several variables in a very efficient way, since the changes
of the variable are varied during the process of optimization, In our
programs the change of a variable is constant and can be altered through
the input information at the beginning of the calculation.

(16) M, J.S.Dewar and H. N, Schmeising, Tetrahedron, 5,166 (1959);
11,96 (1960).

(17) Z. B. Maksié and M, Eckert-Maksié, Croat, Chem. Acta, 42.
4433 (1970).
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In particular this means that the perfect following of the
C-H bonds is assumed according to the criterion of
maximum overlapping. Quite considerable bending of
Y cn hybrids is possible without a significant loss of orbital
overlap, as discussed by Bartell.'* However, this is not
very likely for two reasons.  First of all, the bond angles
calculated by the maximum overlap method are, as
a rule, in very good agreement with the experiment, 17.12.20
Secondly, there are more elaborate calculations which
show that bending of Y cx hybrids is actually very small.
It has been calculated, for example, that the CH or-
bitals for ethane lie slightly inside (less than 0.5°)
the pyramide formed by the CH; group. Similarly,
the results show small departure of the you hybrids
(~1°) outside of the HCH angle.2! It has to be
mentioned that MOA calculations in the present
form neglect the nonbonded interactions. For in-
stance, the nonequivalent geminal CH bonds are not
distinguished; i.e., the corresponding oy hybrids
are assumed to be equal. This is the case, for example,
of exo and endo CH bonds in bicyclo[1.1.0]butane
and norbornane, axial and equatorial CH bonds in
cyclic molecules, and cis and trans CH bonds in var-
ious conformers. These nonequivalent CH bonds
differ somewhat in their physical and chemical prop-
erties which are not reproduced by the MOA cal-
culations. We would like to point out first that the
maximum overlap method was not designed for a
description of the long range interaction in molecules.
The aim of local hybrid orbitals is to correlate gross
molecular properties like bond energies,®22 bond
lengths,?? spin-spin coupling constants across one
bond,?4? etc., which depend mainly on the nature
of the nearest neighbor atoms. They proved very
useful in this respect. The effect of nonbonded re-
pulsions to gross properties is actually very small at
least in hydrocarbons. For example, CNDO/2 and
MINDO/3 calculations have shown that their contribu-
tion to heats of atomization is negligible.?-? Sec-
ond, it seems that the influence of nonbonded inter-
actions on hybridization as such is very small too.
There are available ab initio SCF molecular orbitals
for eclipsed and staggered propylene and for cis and
trans butadiene isomers. They were analyzed and
transformed to a set of strictly localized orbitals. 2
It has been found that the difference in the s/p content
between the corresponding cis and trans hybrids in
butadiene is less than 197 while in the case of eclipsed
and staggered propylene this difference is even below
0.397. The bicyclo[l.1.1]pentane is an example of
a molecule where the nonbonded sites are very close.
Yet the MOA hybrids?® describing C,C,, C.C,, CH,

(18) L. S. Bartell, Tetrahedron, 17, 177 (1962).

(19) Z.B. Maksi¢ and Lj. Vujisié, Theor. Chim. Acta, 14, 396 (1969).

(20) Lj. Vujisi¢ and Z, B. Maksi¢, J. Mol Struct,,7.431 (1971).

(21) U. Kaldor, J. Chem. Phys., 46, 1981 (1967); S. Rothenberg,
ibid., 51, 3389 (1969).

(22) M. Randi¢ and S. Boré¢ié, J. Chem, Soc. A, 586 (1967); Z. B.
Maksié, Z, Meié, and K., Kovacevié, Z. Naturforsch. A, 28, 797 (1973).

(23) Z. B. Maksi¢ and M. Randi¢, J. Amer, Chem. Soc., 92, 424 (1970).

(24) Z. B. Maksié, Int. J. Quantum Chem., 8 5, 301 (1971); Z. B.
Maksi¢, M. Eckert-Maksié, and M. Randi¢, Theor. Chim, Acta, 22, 70
(1971).

(25) M. Randié, Z. Meié, and A. Rube¢ié, Tetrahedron, 28, 565
(1972).

(26) H. Fischer and H. Kollmar, Theor. Chim. Acta, 16, 163 (1970).

(27) M., I1. S. Dewar, D. H. Lo, and Z. B. Maksi¢, submitted for
publication,

(28) R. Polak, Int. J. Quantum Chem., 4, 271 (1970).

and C,H bonds are sp? 3, sp3-5!, sp2-'7 and sp?59
and can be favorably compared with more elaborate
ab initio calculations of Newton and Schulman,?®
which give for the corresponding hybridization sp?-46,
sp®%4, sp*?% and sp?%? respectively. The resem-
blance is remarkable indeed and provides some justi-
fication that the nonbonded interactions can be ne-
glected in the first approximation.

One could imagine an alternative maximum over-
lap method which employs the experimental CH bond
angles. This could take into account the nonbonded
interaction to the same extent, since the exo and endo
hybrids would then be different. However, in this
case the CH and CC hybrids would not be treated on
the same footing. Namely, the latter would be com-
pletely determined by the CH hybrids via the orthog-
onality relationship. Furthermore, this variation of
the MOA would be confined only to the molecules
with experimentally known geometry, which is cer-
tainly not a desirable feature of any method. The
present form of the maximum overlap method is able
to predict the geometry of hydrocarbons by using the
available bond length-bond overlap correlation in an
iterative fashion.?! To conclude our discussion about
the MOA method we mention that Clementi double ¢
atomic functions3? are used in the calculations, since
they are somewhat more flexible than Slater orbitals.
The basic overlap integrals are available. *3

Discussion on the Hybridization in Hydrocarbons

It is interesting that the results of the four different
and independent approaches are so similar when the
s characters of the hybrids are considered in spite
of the diversity of approximations employed. This
indicates that the definition of Trindle and Sinanoglu
and eq 13 extracts the s characters from molecular
orbitals which are in good overall agreement with the
results of the intuitive approach characterizing the
maximum overlap method (Table I1). The comparison
between the s characters obtained by the EHT and
SCC methods is very useful. The EHT method does
not include repulsion between the electrons while
in the SCC method it is simulated by the charge de-
pendence of the off-diagonal matrix elements. It was
concluded on the basis of the calculation of a large
number of molecular quadrupoles that the SCC
method mimic electronic Coulomb repulsions in a
quite satisfactory way.3* If we compare the s char-
acters obtained by these two methods we observe that
they differ numerically in some cases, but they are
quite similar if the qualitative features are concerned.
For that matter, CNDO/2 calculations give essentially
the same results for the hybrid s/p contents. This is
very important since the CNDO/2 method is appar-
ently superior when the quantum mechanical founda-
tions of the methods applied are considered.

(29) M. Randié, “Tables of Hybrids Calculated by the Maximum
Overlap Method. I. Highly Strained Ring Hydrocarbons,” available on
request.

(30) M. D. Newton and J, M. Schulman, J. Amer. Chem. Soc., 94, 773
(1972).

(31) K. Kovadevié and Z. B. Maksié, submitted for publication;
M. Randié, Lj. Vujisi¢, and Z. B. Maksié, in preparation.

(32) E. Clementi, 7JBM J. Res. Develop., 9, 2 (1965), supplement.

(33) L. Klasinc, D, Schulte-Frohlinde, and M. Randi¢, Croat. Chem.
Acta, 39,125 (1967).

(34) J. E. Bloor and Z. B. Maksié¢, Mol. Phys., 22, 351 (1971); Z. B.
Maksié and J. E. Bloor, Croat. Chem. Acta, 44, 435 (1972).
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The reported hybrids show deviations from the
idealized canonical cases: sp, sp? and sp® The
deviations are, however, not excessive when the bonds
of less strained molecules are examined. This may
be contrasted with the results in highly strained small
ring compounds. The deviations show trends which
were already observed by the numerous applications
of the maximum overlap method. For example, the
¢ parts of C=C and C=C bonds require increased
s contents as it is seen in ethylene and acetylene. The
Ycu hybrids describing CH bonds of the strained parts
of the molecules also have the increased s characters
compatible with several experimental observations. *?

When details of the hybrids are examined, the re-
sults of the four methods differ. If one has to evaluate
the reliability of the calculated hybrids one needs an
additional standard, which is beyond the limits of
accuracy of the methods applied. Ideally, one could
use the results of the highly accurate ab initio calcula-
tions. However, they are not available for most of
the molecules considered here (a few cases will be dis-
cussed in the next section). Therefore, we have to
resort to empirical regularities. Among the experi-
mental quantities we selected the J(**C-H) spin-spin
coupling constant, which is widely accepted as a mea-
sure of the s characters of the corresponding hybrids.
This choice is not free from criticism since the Muller—
Pritchard formula J(**C-H) = 5(s%)cu is based on
several simplifying assumptions.’® One of them is
“average energy approximation” where the differ-
ence between the excited states and the ground state
energy, appearing in the second order perturbation
sum, is replaced by the average excitation energy.
This cannot always be justified since Cyr and Cyr have
shown that variations in average energy do account
for changes in J('*C-H) coupling constants in halo-
methanes.?” However, this is not likely to be the case
in pure hydrocarbons where the properties of CH
bonds do not change dramatically from molecule to
molecule. For instance, the difference in C-H bond
lengths between methane and acetylene is only 0.05
A while bond energies differ approximately 11 kcal/
mol.!'* We conclude that the J(!*C-H) constant pro-
vides approximate but reliable criterion of hybridiza-
tion. Some care has to be taken into account when
CH bonds of the highly strained parts of molecules
are discussed, e.g., strained double bonds, etc. More
serious objection, however, can be made that each
semiempirical method needs its own correlation with
J(**C-H) coupling constants, and the quality of the
results has to be judged, for instance, by the mag-
nitude of the standard deviations. Namely, it was
shown?* that MOA gives better agreement with ex-
periment than the simple Muller-Pritchard formula
if the normalization constant of the VB function de-
scribing the C-H fragment is taken into account

J(B3C-H) = 10.8(s Z)cu/(1 + Scu?) — 549 cps (17)

where Scr is the corresponding overlap integral and
Scu = Sf¥cu(ls)udv. The linear relationship, based
on the data presented in ref 24, J(1*C-H) = 6.3(s %) cu

(35) C.S. Foote, Tetrahedron Lett., 579 (1963); P. Laszlo and P. v. R,
Schleyer, J. Amer. Chem. Soc., 86, 1171 (1964).

(36) N. Muller and D. E. Pritchard, J. Chem. Phys., 31, 768 (1959);
J. N. Schoolery, ibid., 31, 1427 (1959).

(37) N. Cyr and T. I. R, Cyr, J. Chem. Phys., 47, 3082 (1967).
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Figure 1. Comparison between the calculated s characters by the
EHT, IEHT, CNDO/2, and MOA methods and the corresponding
“experimental” hybridization.

— 34 c¢ps, is also superior to the Muller-Pritchard
direct proportionality between J('*C-H) and (s %)cu.
In spite of the fact that ecach semiempirical method
should be evaluated within its own correlation, we
shall compare the calculated hybridizations with em-
pirical ones obtained by the formula (s %)cp*™ =
0.2J(**C-H) where J(!3C-H) is the experimental cou-
pling constant. This comparison will reveal the major
deviations and the larger systematic shifts which
suffice for a qualitative discussion. We observe from
Figure 1 that for large values of s9; all four
semiempirical methods give the results which are be-
low the values predicted by the empirical relation-
ship. So either all four methods have a systematic
error or the empirical relationship needs some cor-
rection for larger values of s%7. It is also apparent
from Figure 1 that more general linear relationships
of the form (s%)cu = K(sX)cu*™ + L would
give a better description of the empirical results. In
particular this seems to be important for EHT and SCC
methods. The points corresponding to these two
methods are grouped above the (s%7) = 0.2J(**C-H)
line for smaller and medium values of s character.
The results of the maximum overlap and CNDO/2
methods appear to be more evenly distributed around
the values predicted by the empirical approach; the
latter method shows the larger deviations though.
It might prove useful to examine more carefully the
individual cases which do not show agreement with
the empirical relationship. Such investigations may
lead to improvements of the methods concerned if
these discrepancies are not purely of statistical nature.
For this purpose we plot the difference between the
empirical and the calculated s characters in Figure 2
for each of the methods discussed in this paper. If
the deviations have a systematic component this will
manifest itself in an asymmetrically shaped and dis-
placed distribution of the number of molecules uvs.
the difference A = (P)ca*? — (s%)cu*™r. Un-
fortunately, 24 of the calculated s characters is still a
small number for a complete statistical analysis from
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Figure 2. Distribution of the number of molecules vs. A =

(s Z)cmesled — (s9)cee™® as calculated by the semiempirical me-
thods considered in this paper.

which finer forms and distortions of this distribution
could be revealed. Nevertheless, some qualitative
conclusions can be drawn from Figure 2. We see
that EHT and IEHT methods are predominantly
asymmetrically placed with respect to the origin and
both show a wide range of the values of A. The
results of the CNDOQ/2 and MOA methods are centered
close to the A = 0 value; i.e., they are more symmet-
rically distributed with respect to the origin. However,
only the results of the latter method show a sufficiently
sharp accumulation of the points about the center,
which indicates a possible Gaussian distribution (if
we ignore the tail A < —3). The slight asymmetry
shows that a linear relationship between J(!*C-H)
and (s%)cu would be more appropriate as it was al-
ready discussed earlier (vide supra). Figure 2 con-
firms that the results of the MOA method are some-
what superior to the hybrids obtained by the other
three methods as far as the J(!*C-H) constants are
concerned. When the individual molecules are con-
sidered we see that there are cases where all methods
fail. Notably, this is the case for acetylene and
cyclopropene where the calculated s contents are
lower for all four approaches. This indicates that
some of the approximations involved in these semi-
empirical methods are not very well balanced. These
two molecules do possess some special features indeed,
the C=C triple bond and a C=C double bond, which
is a part of a strained ring, which probably have to
be parameterized separately.

It is also apparent that the MOA method seems
suitable for the description of CH bonds of the bi-
cyclic molecules where CNDO/2 gives widely scattered
results. This indicates that the CNDO/2 method
should be adjusted for strained molecules by altering

Table III.  Comparison between ab Initio and
Semiempirical Hybridization in Various Hydrocarbons
(Wos Quantities Are Shown)

Hy- Ab  Semiempirical
Molecule brid initio® b c MOA¢
Methane CH 27.4 260 249 250
Ethane CH 269 248 246 254
CcC 3.0 24.2 260 23.8
Ethylene CH 35.1¢ 28.8 31.0 31.5
CcC 36.5¢ 37.8 37.8 36.8
Acetylene CH 49.8¢ 47.2/ 44.4
CC 49 .8 52.8/ 55.6
H;C.C,=C.H C.H 28.2 25.8/ 25.0
CH 459 47.27 435
C.C, 27.6 31.77 249
CoC. 46.5 38.6/ 45.6
CC, 14.3 26.47 18.8
CCe 15.1 26.6/ 18.0
H.C.C(C.H;) C.H 33.7 30.8 31.5
CH 25.5 249 254
C.GCy 38.7 37.9 36.8
CC. 356 37.2 379
CcCy 25,3 25.2 237
GCoCe 324 301 31.1
Cyclopropane CH 329 332 305 28.6
CcC 208 18.0 19.7 21.4
Benzene CH 34.8¢ 3877 31.5
CcC 36.6¢ 36.5/ 34.3
H.C,=C,HC;H=C,H. C,H 34.3 32,2 31.5/
CoH 334 32,27 31.3
C.C, 17.2 13.9/ 18.5/
CC. 17.9 13.6/ 18.5/
CyC, 35.5 34.45 31.7/

2 Ab initio hybrids are taken from ref 7b and 9. » Hybrids taken
from ref 5c and refer to localized orbitals. ¢ Hybrids taken from
ref 5¢ and refer to delocalized orbitals. ¢ Hybrids taken from
sources given in M. Randié and Z. B. Maksié, Chem. Rec., 72,
43 (1972), if not otherwise stated. ¢ Hybrids calculated within
o—7 approximation. / This paper.

the existing parameters or perhaps by critical examina-
tion of the basic assumptions. For instance, the
Coulomb repulsions between the electrons are spher-
ically averaged in order to maintain the rotational in-
variance of the local coordinate axes, which is a drastic
simplification. It can be observed that the s char-
acters extracted from the molecular orbitals are gen-
erally somewhat higher than the corresponding quan-
tities obtained by the MOA method, where a perfect
localization?® is assumed and the intermolecular charge
transfer is completely neglected. The reason is a
very simple one. The 2s. orbital has lower energy
and consequently its orbital population is greater
than 1, while the 2p. orbital is relatively unaffected.
Methane is a good example to illustrate this point.
The SCC method gives 1.169 and 0.955 for 2s. and 2p.
orbital populations, respectively. Therefore, the sum
of (s %) characters for the same carbon atom is greater
than 100%,. The C-H bond overlap populations,
Wisccry + Wapgcm + Wapycmy + Wap,cm as calculated
by the CNDO/2 method, are practically constant for
different CH bonds. Therefore, the bond index crite-
rion of Wiberg and that of Trindle and Sinanoglu give
the same or very similar results in hydrocarbons.

Comparison with the Results of Some
ab Initio Calculations

We compare the hybrids obtained by the semiem-
pirical methods with some ab initio calculations em-

(38) The electrons are perfectly localized if each atomic or hybrid
orbital contains exactly one elcctron.
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ploying minimal basis sets (Table III). These cal-
culations carefully optimize the exponents of the
Slater orbitals used in the variational procedure. We
have selected the results of Newton, et al.,*® and Newton
and Switkes, ¥ since their calculations cover some mole-
cules already considered in Table 1. These authors
adopted a localization procedure in which the self-
repulsion energy of localized orbitals is maximized,
or what is equivalent, which minimizes their exchange
energy. The localized orbitals are then broken up
into the hybrid orbitals which turn out not to be or-
thogonal. However, Newton, et al.,*® have shown
that geminal hybrids are nearly orthogonal since their
mutual overlap never exceeds 0.15. Therefore, a
comparison of their hybrids with the localized hybrids
obtained by the maximum overlap method can be
made directly. We also include the results of CNDO/2
calculations of Trindle and Sinanaglu®e obtained by
using two sets of s characters. One set is obtained
by direct calculation of s content from delocalized
MO’s while the other is obtained from localized or-
bitals calculated by the Trindle and Sinanoglu semi-
empirical scheme.* Different localization proce-
dures could lead to different results, since they are very
sensitive on the criteria involved in the localization
requirements.4! Thus, one could expect that different
localization techniques!-4? would produce somewhat
different s characters of the local hybrid orbitals.*3
However, all these procedures have the same legality
and should be judged within their own frameworks
by correlating the physical or chemical property in
question. Unfortunately, there are available only a
few ab initio calculations of this type. Consequently,
we can compare their hybrids with the corresponding
semiempirical ones in order to draw some conclusions,
but one should keep in mind that they are only tenta-
tive. It is seen from Table III that there is apparent
similarity between the hybridization obtained by the
methods discussed characterized by different levels of
sophistication. The most striking discrepancy is found
in ethane where the ab initio calculation predicts high
s character (349) of the CC bond, a value expected
for ethylene. The same finding was made earlier
by Pitzer.#* This indicates that C-C and C-H bonds
are not very well balanced in the semiempirical methods,
since ethane has no special structural features. This
effect is expected to be large in ethane since the ratio
of CC and CH bonds is one to six. The ab initio hy-
brids of Newton, et al.,*® show the characteristic de-
crease in s character from ethane to methylacetylene
in agreement with the Bent empirical rule,#® which

(39) M. D. Newton, E, Switkes, and W, N, Lipscomb, J, Chem. Phys.,
53, 2645 (1970).

(40) M. D. Newton and E, Switkes, J. Chem. Phys., 54, 3179 (1971).

(41) D. Peters, J. Chem. Soc., 2003, 4017 (1963),

(42) C. Edmiston and K. Ruedenberg, Rev. Mod. Phys., 35, 853
(1969); G. Del Re, Theor., Chim, Acta, 1, 188 (1963); V. Magnasco
and A. Perico, J. Chem. Phys., 47, 971 (1967); ibid., 48, 800 (1968);
J. M, Foster and S. F. Boys, Rev. Mod. Phys., 32, 300 (1960); J. N,
Murrell, J. G. Stamper, and N, Trinajstié, J. Chem. Soc. 4, 1624 (1966);
W. H. Adams, J. Chem. Phys., 42, 4030 (1965); E. Steiner, ibid., 54,1114
(1970); M. Randi¢ and Z. B. Maksié, submitted for publication; the
contributions of the relevant atoms and bonds are in this method maxi-
mized wigh available strictly localized orbitals in the sense of the least
square criterion,

(43) For an excellent review article on localized molecular orbitals
see: H. Weinstein and R, Pauncz, “Advances in Atomic and Molecular
Physics,” Vol. 7, Academic Press, New York, N, Y., 1971, pp 97-140,

(44) R. M. Pitzer, J. Chem. Phys., 41, 2216 (1964).

(45) H. A. Bent, Chem. Rev., 61,275 (1961),
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states that the more electronegative substituent re-
quires more p character in the neighboring hybrid.
Thus, a hybrid directed to the C=C triple bond in
methylacetylene (which is a more electronegative group
than a methyl group) has decreased s character to 27.6 7
as compared with 3497 in ethane. The semiempirical
calculations do not show this trend. The ab initio
hybrids for CH and the ¢ part of the C=C bond appear
to be equivalent and a difference in hybridization
could be anticipated. This nonequivalence is re-
flected in all semiempirical approaches, the ¢ hybrids
being richer in s content. It is worthwhile to discuss
the results for cyclopropane, since this molecule is a
specimen for the highly strained hydrocarbons. The
MOA method underestimates the s character of the
C-H bonds as judged by the results of the ab initio
calculation and J(!*C-H) coupling constants, as dis-
cussed earlier.?* The source of this error is not quite
clear, but it seems that ¢ and = interaction of the cy-
clopropane ring should be parametrized separately.
The present version of the MOA method employs only
one koo weighting factor, eq 16. On the other hand,
the calculated H-C-H angle by the MOA method*
is in excellent agreement with the experimental value.¥
Furthermore, the bending of the ycc hybrids describ-
ing the cyclopropyl ring in cis-1,2,3-tricyanocyclo-
propane!® is in fair agreement with X-ray measurements,
where the maximum of the electronic density is found
to be 0.32 A away from the straight line connecting the
carbon atoms.® The incompatibility of the two ex-
perimental quantities, i.e., the HCH angle and the
J(13C-H) coupling constant for cyclopropane, in-
dicates perhaps the limitations of the localized or-
bitals concept. The orthogonality requirements of
the valence bond two-center orbitals may be more
appropriate and could possibly lead to a better max-
imum overlap method.*® It seems, however, that the
orthogonality between the hybrids placed on the
same atom is to a large extent responsible for a success
of the MOA method as evidenced by the result pre-
sented in Table I. This conclusion is supported also
by the CNDO/2 calculations on cyclopropane based
on the “self-consistent hybrids’*® which were con-
strained to be orthogonal. Namely, the CNDO/2
method in its original form failed to give a reasonable
HCH angle (the minimum was not found for a varia-
tion of this angle between 102 and 122°) in cyclopro-
pane. The inclusion of the hybridization by using a
formula which is a special case of eq 6 reproduced
the experimental HCH angle very nicely. Since
the inclusion of the self-consistent hybrids in the semi-
empirical methods employing ZDO approximation
might lead to a better variation of these methods, at
least as far as the geometry of molecules is concerned,
we shall consider them in some detail. For this pur-
pose we write eq 14 in a somewhat modified form

Yap = \/W2s<AB)(25)A + VWapam(2p)as  (18)
where (2p)s-s is the 2p orbital oriented along the

(46) Z, B. Maksié and M. Eckert-Maksié, Croat, Chem. Acta, 42, 433
(1970).

(47) O. Bastiansen, F, N, Fritsch, and K. Hedberg, Acta Crystallogr.,
17, 538 (1964).

(48) A. Hartman and F. L. Hirshfeld, Acta Crystallogr., 20, 80
(1966).

(49) C. A. Coulson, private communication,

(50) A.Y.Meyer, Theor. Chim, Acta, 22,271 (1971).
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A-B bond and W, 45, is its population by the active
charge: Wiam = Wepram + Weyan + Weas).
If we now denote two equivalent and mutually orthog-
onal hybrid orbitals by Y. and ¥ac, one can easily
find out that the interhybrid angle BAC satisfies
eq 19.

c0s dpac = — Wasan)/Wipan) (19)
For two equivalent C-H bonds, eq 19 takes the form
cosducu = — Posccm */Papicm® (20)

By using the arguments of Meyer®® one obtains
Prscm? + Popew? = 1
which by substitution into formula 20 gives
c0s duce = —Pocm? (1 — Prcm?) (21

To obtain internally consistent s characters one starts
with a trial Pscwy and calculates the corresponding
HCH angle by using eq 21. Then the CNDO/2
method is applied and the new P,, matrix elements are
found. This procedure is repeated until input and
output P, cyy matrix elements are the same. It is
interesting to compare the CNDO/2 self-consisting
hybrids for cyclopropane (s %)cu = 28.7% and (s %)cc
= 21.39 with the corresponding MOA s characters®
(s%)cu = 28.6%; and (s %)cc = 21.4 % for the CH and
CC bonds, respectively. The results are practically
identical and provide additional justification of the
orthogonality conditions employed in the MOA
method introduced on the basis of the intuitive argu-
ment that the electrons of the same spin should avoid
each other as much as possible.

Conclusions

In view of the widespread interest and numerous
applications of the various semiempirical methods, it is
useful to have comparative studies which may help to
establish relative merits of the individual approaches.
One way to do this is the calculation of the various
molecular properties which are very sensitive on the
quality of the calculated wave functions and a com-
parison with the corresponding experimental results.?*
The other possibility is the critical examination of the
basic assumptions and approximations involved in the
semiempirical methods in question. This is usually
not so straightforward since a number of the semi-
empirical methods only simulate the fundamental laws
and first principles and lean heavily on the intuitive
picture of bonding and qualitative concepts. In this
paper we discussed the notion of the hybridization and
compared the hybrids obtained by the ab initio mini-
mum basis set and those calculated by the four semi-
empirical methods: EHT, SCC, CNDO/2, and MOA.
Newton, et al.,*® have shown that the hybrids are
highly insensitive on the choice of the basis set in the
ab initio approach. The present analysis shows that
the calculated hybridization is not too sensitive even on
the method employed for its calculation. Namely, in
spite of the fact that so diverse methods were used,
characterized by the different levels of sophistication,
the calculated hybrids are qualitatively the same. It
was also observed that the hybrids describing similar
structural units are also similar to a high degree and

indeed one may consider that the localized orbitals
based on hybrids are transferable. This is in agreement
with the empirical observations and eliminates the
calculation of hybrids in trivial substituted molecules.
The MOA hybrids are the most consistent with the
empirical or ‘‘experimental”” hybridization obtained
by the Muller-Pritchard formula (s %))cu = 0.2J(**C-H).
Taking into account many other linear correlations
with various other physical and chemical properties like
bond lengths,?® bond energies,*2? CH stretching fre-
quencies,®! proton acidities of nonconjugated hydro-
carbons,?* heats of formation,®? etc., we can say that
the concept of noninteger sp” hybrids offers a very
simple and useful model describing covalent bonding.
Furthermore, the compatibility of the MOA hybrids
with the results obtained by using much more elabo-
rate methods provides some a posteriori justification of
the maximum overlap criterion. This conclusion is
consistent with findings of Bartlett and Ohrn’? who
recently pointed out that it is possible to obtain the
same resulting wave functions by using the maximum
overlap criterion and by minimization of the energy of
the molecule if the corresponding operators commute.
This is approximately the case for the predominantly
covalent systems. It would also be very useful toinclude
the MOA hybrids in the SCF calculations, since it was
shown that the hybrid orbitals significantly improve the
convergency of the iterative procedure.?*

As already mentioned, all four semiempirical methods
give very close results as far as the hybridization is con-
cerned. The choice of the particular method for the
investigation of gross molecular properties of hydro-
carbons is a matter of personal taste. We should like
to mention that the MOA approach is the most pictorial
one and the simplest one. Its simplicity is reflected
inter alia in the number of parameters used in the calcu-
lations. For instance, the CNDO/2 method requires
five parameters for hydrocarbons, EHT employs four
parameters, while MOA uses only two parameters.
The number of parameters could be easily increased in
EHT and MOA methods without any danger of over-
parametrization. This could improve the afore-
mentioned methods when the highly strained molecules
are concerned. The inclusion of different weighting
factors in the MOA method for ¢ and = interactions in
strained rings gives quite promising results.?
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