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We return below to the discrepancy between an even
approximate validity of d?sp? in octahedral complexes,
suggesting coinciding parity-allowed and parity-forbid-
den transitions, and the absorption spectra observed
[with possible rare exceptions such as Cr(CO), and
Ir (CN)g3]. A much more direct difficulty in ground-
states is that 2p group elements simply have no more
than four orbitals available for chemical bonding, where-
as their coordination number N can be 5, 6 or 8. For
instance, the isoelectronic compounds CsF, BaO, LaN
and isoelectronic LulN and HfC all cristallize in the NaCl
type where both atoms have N = 6, and it cannot be
argued that they are fully ionic in direction of N (— III)
and C (-IV). This argument is not fundamentally altered
by the fact that the three latter compounds are metallic
(though LaN and LulN probably are because of a small
deviation from stoichiometry). The series of compounds
Ba$S, BaTe, green MnS, CoO, NiO and CdO all cristallize
in NaCl type, and it cannot be argued that they are
fully ionic though oxide has only the three 2p orbitals
and the (much stabler) 2 s orbital to take care of covalent
bonding. In organo-metallic compounds of small atoms
such as lithium and beryllium, N for carbon is frequently 4
5, 6 or 8. This is particularly true for the colourless Be,C
cristallizing in fluorite type though it cannot seriously
be considered as fully ionic, consisting of Be*2 and C~4.
KREBs® suggested the idea of mesomery in such cases,
four orbitals of carbon taking care of eight strictly
equivalent bonds. This explanation is not very attrac-
tive, though it can explain almost everything, because
it ‘would immediately be exploited by photo-electron
spectroscopists suggesting that tetrahedral carbon uses
mesomeric permutations of the three 2p orbitals having
about half the ionization energy of the 2s orbital both
in the carbon atom and in compounds such as methane.

The Non-bonding Orbitals and a Simple Model
of the Ligand Field Problem

The hybridization model applied to iron’ group com-
plexes considers nine orbitals of the central atom M.
Dependent on the symmetry of the chromophore MXy,,
some (normally 9-N, with exception of the quadratic
chromophores) of the 3 d orbitals being non-bonding, and
the others (including 4 s and the three 4 p) are o-bonding,
2 N electrons donated from the IV ligating atoms (which
may occur in bidentate or multidentate ligands) occupy-
ing the bonding orbitals. This corresponds to the idea of
“effective atomic number” (so dear to metallo-organic
chemists) going back to Srpcwick. Quadratic MX, has
only four non-bonding 3d orbitals, the bonding is taken
care of by one 3d(x*—y?)/r?, the 4s and two 4p (x/r)
and (y/r). A minor variation is that certain tetrahedral

4 C.K.J9RGENSEN, Structure & Bonding 6 (1969) 94.
5 H.KREBS, Grundziige der Anorganischen Kristallchemie, Verlag
Enke, Stuttgart 1968.
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chromophores in the beginning of the transition groups
according to KiMBALL are said to have d®s rather than
sp® hybridization.

When only the groundstates are considered, there is
no major difference between the predictions of the M. O.
(molecular orbital) theory described below and the
hybridization theory, when the non-bonding d orbitals
are not completely filled. Thus, all octahedral chromium
(ITI) complexes have three electrons with parallel spins
in these three orbitals, whereas Fe(CN);® and IrCl;?
have five electrons in such a sub-shell consisting of
three orbitals with necessarily the same energy in cubic
symmetries having equivalent Cartesian axes (since the
non-bonding orbitals have angular functions proportio-
nal to xy, xz and yz, obtained by cyclic permutation).
The difficulties for groundstates start when additional d
electrons have to be added besides the filled non-bonding
orbitals. Thus, octahedral nickel (II) chromophores such
as Ni(II) Og known from the hexa-aqua ion and many
mixed oxides (NiTiOz, Ni,Mg, .0) and glasses and
Ni(II)Ng known from Ni(NH;);? and many amine
complexes all have two electrons too much, which in
M. O. theory are situated to the first approximation (and
having parallel spin) in the higher sub-shell consisting
of the two 3d-orbitals having angular functions propor-
tional to (x2— y?) and (32%2—r?), and six electrons in the
lower sub-shell. As a matter of fact, the spectroscopic
oxidation states®6 are defined from the. preponderant
electron configuration of the groundstate; eight d-like
electrons correspond to nickel (II) whereas d7 is Ni (III)
and d® ipso facto is Ni(IV). The hybridization theory
ascribes the two additional electrons to higher orbitals,
such as 4d. It was believed some time ago that one
diamagnetic octahedral nickel (II) complex exists with
three bidentate diarsine ligands, and the theorists wrote
long papers suggesting that the two additional electrons
are situated in the 5s orbital. However, this complex
suffers the small ontological imperfection that it does
not exist; under the preparation, a tridentate arsine is
formed? and the chromophore is square-pyramidal
Ni(II) As;. Anyhow, the hybridization model suggests
that octahedral Ni(II) is readily oxidized to Ni(IV) in
blatant disagreement with experience. The situation is
even more serious in quadratic Cu(II)X,. Here, one
additional electron has to find its niche, and in many
text-books, it is accommodated in the 4p (z/r) orbital
perpendicular on the molecular plane. However, electron
spin resonance of copper (II) complexes® showed that
the unpaired electron is in the 3d(x*—y2)/r? orbital
having maximum density at the positions of the four
ligands on the x- and y-axes. One way out. of this dif-
ficulty is to suggest that all known copper (II) complexes
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112

tivity. In order to remain orthogonal on the bonding
M.O., the anti-bonding orbital not only has a nodal
surface between the two nuclei, but also a higher density
on the least electronegative atom. On Fig.1, this ten-
dency is exemplified by HeH*. The groundstate con-
tains two electrons in the bonding orbital, and hence,
the fractional charge on helium is less positive than on
hydrogen. The excited state having one electron in each
orbital corresponds to an electron transfer band where
hydrogen (I) (15°) is reduced to hydrogen (0) (1s!) much
in the same way as electron transfer to empty 3 d-orbitals
gives the yellow colour of CrO;? and purple colour of
MnOj;. The chemical reason why HeH* cannot be iso-
lated is that it is a too strong acid for avoiding proton
transfer to all known solvents. There is some hope that
the corresponding species KrH* and XeH* might be
prepared in solvents which are very weak BRONSTED
bases; the protonated noble gases are quite stable against
dissociation.
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Fig. 2. The five d-like orbitals (characterized by their angular
dependence) and the six bonding orbitals of an octahedral chromo-
phore MX, where the ligands X have each only one lone-pair. The X
nuclei are situated on the Cartesian axes at equal distance from the
M nucleus at origo. The distribution of electrons shown as arrows
correspond to a d® system [such as chromium (IIT) or manganese
(IV)] having one electron in each of the three orbitals constituting
the lower sub-shell. These three orbitals are, to the first approxima-
tion, non-bonding and localized on the central atom M

The main difference between HeH* and the d-group
complexes is the non-bonding d-electrons. Fig. 2 shows
the important orbitals of an octahedral chromophore
MX, where the ligands X have only one lone-pair (like
H- and NH,). If the ligands have three orbitals in a
closed p-shell (such as O~2, F-, Cl-, Br~, I~) a set of
twelve sr-orbitals occur above theé six g-orbitals produc-
ing an interesting and complicated structure of the
electron transfer bands!#*1%. For our purposes, the im-

14 C.K.JorRGENSEN, Halogen Chemistry 1 (1967) 265, Academic Press,
London.
15 C.K.JoRGENSEN, Progr. Inorg. Chem. 12 (1970) 101,
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portant point is that PAULING’s hybrids are formed from
the six bonding orbitals (mainly concentrated on X) and
then, the non-bonding orbitals (here a sub-shell of three
degenerate orbitals) are recognized. However, nobody
maintains seriously today that cobalt (IIT) is a d1° system
having the corresponding two (among the six) o-bonding
orbitals and the sub-shell filled. Rather, it is a d® system
because the five d-like orbitals on Fig. 2 are the latter
sub-shell and the two anti-bonding orbitals. Nickel (IT)
is a d® system because the two anti-bonding orbitals con-
tain each an electron. The virtue of the ligand field des-
cription is that it displaced the attention from the mani-
fold of the bonding and the non-bonding orbitals to the
five really d-like orbitals constituting the non-bonding
and the anti-bonding sub-shells. The energy difference 4
between the two sub-shells in octahedral MX (also called
10 Dq in literature) on Fig.2 has the same origin as any
difference in anti-bonding character of other M.O. and
it cannot be considered !? as the result of the electrostatic
perturbation of the non-spherical (small) part of the
MADELUNG potential. It is probable® 18 that the main
contribution to sub-shell energy differences is the in-
creased local contribution to the kinetic energy in the
bond region where the new node-plane of Fig. 1 occurs,

Absorption Spectra and Mixing of I-Values in Complexes

The absorption bands in the visible and near ultra-
violet are due to transitions which, to the first approxi-
mation, can be classified in five categories:

1. Transitions involving almost degenerate orbitals. Such
absorption bands are narrow and correspond to tran-
sitions not modifying the total electronic density in
our three-dimensional space. This is particularly true
for internal transitions in the configurations 4f% and
5f% producing spectra similar to those of gaseous ions
in spherical symmetry. The minor energy differences
between the seven f orbitals can be explained by the
angular overlap model'"1® which has been generalized
to d-group chromophores too3-1°. The spin-forbidden
transitions in d-group compounds involving the same,
partly filled, sub-shell also belong to this category,
producing narrow (and sometimes luminescent) ab-
sorption bands.

2. Transitions from one sub-shell to another. These cor-
respond to the broad and moderately weak absorption
bands studied by ligand field theory applied to the
d-groups. Incidentally, most such bands correspond
to a jump of one electron from a lower to a higher
sub-shell to a good approximation, with exception of
high-spin manganese (II) and iron(III) complexes

16 C.K.JoRGENSEN, Chem. Physic. Letters 1 (1967) 11.

17 C.K. JORGENSEN, R.PappALARDO and H.H.ScHMIDTKE, J. Chem.
Physics 39 (1962) 1422.

18 D.Kusk and C. K. JORGENSEN, Chem. Physic. Letters 1 (1967) 314.

19 C.E.SCHAFFER, Proceed. 12. 1ccc (Sydney, 1969), Butterworth,
London 1971.
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make ammonia planar rather than pyramidal. The whole
question of discrepancies between molecular symmetries
at different time-scales and at time-average (such as a
crystal structure) and of instantaneous symmetry derived
from visible spectra or photo-electron processes is very
intricate?®.

Whereas the electrostatic model of the ligand field
collapsed a definite day in April 1956, it is more difficult
to say when the hybridization theory was finally dis-
credited by the study of absorption spectra3?:3! though
it was distinctly happening before 1955.

Active Life of Secondary School Teachers

It is well-known from the history of sciences that
theories sometimes are scrapped completely and ir-
reversibly. However, we are accustomed to this process
taking several generations, such as was true for the
geocentric and the heliocentric model of the motion of
the planets. In this century, such an evolution may take
only two or five years. In the specific case of the hybrid-
ization theory, it is essentially kept alive by teachers

3 H.HARTMANN and H.L.ScHLAFER, Z. Naturforsch. 6a (1951) 754
and 760.
3 L.E.ORGEL, J. Chem. Physics 23 (1955) 1004 and 1819.
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in secondary schools (Mittelschulen) and propaedeutic
courses at some universities. The main difficulty is that
such teachers carry on for about 40 years with the
result that today’s teaching reflect the position of
chemistry and physics between 1920 and 1960. Since, in
a civilized country, people should not be killed, the
alternative solution is refresher courses during extended
holidays of the students. However, material such as the
hybridization theory tends to be considered a valuable
treasure, and as described in two recent best-sellers32.33
it can even serve the rather undesirable purpose of a
Darwinian selection of mediocrity. Theories do not be-
come respectable just because they were believed to
some extent between 1931 and 1954, except as examples
to be studied in the history of sciences. The related
description of ““resonance between ionic and covalent
structures’’ has been treated elsewhere!2; in molecules
containing more than four electrons, the difficulties are
even worse. The positive aspect of this situation is that
suitably chosen orbitals are capable of classifying low
energy levels of both monatomic and polyatomic en-
tities.

32 C. N. PARKINSON, Parkinson’s Law, John Murray, London 1958

(also in Penguin Books 1965).

33 L.J.PeETER and R.HuULL, The Peter Principle, William Morrow,
New York 1969.





