Ask the Historian

The Origin of the Sigma, Pi, Delta
Bond Notation

William B. Jensen

Department of Chemistry, University of Cincinnati
Cincinnati, OH 45221-0172

Question

What is the origin of the sigma, pi, delta notation for
chemical bonds?

M. Farooq Wahab
Department of Chemistry
University of Alberta
Edmonton, Canada T6G 2G2

Answer

Having successfully used the new quantum mechanics
to rationalize the line spectra of discrete atoms and
monoatomic ions, physicists began, starting in the
1920s and early 1930s, to apply these ideas to the
study and systemization of the band spectra of dia-
tomic molecules and molecular ions in the hope of
achieving similar success. Among these pioneers was
Robert Sanderson Mulliken (figure 1), who, along with
the German physicist, Friedrich Hund, and the British
physicist, John Lennard-Jones, is widely regarded as
one of the founding fathers of modern molecular or-
bital theory.

Not unexpectedly, in attempting to extend the
study of atomic line spectra to the study of molecular
band spectra, these early workers also attempted to
apply those concepts which had proved so successful
in the study of the former to the study of the latter, in-
cluding the concepts of orbits or orbitals and the as-
signment of both term symbols for electronic states and
quantum numbers for individual electrons. Also, not
unexpectedly for a newly developing field, there was
initially a great diversity in the symbolism and termi-
nology used by these pioneers.

Mulliken exploited the atom-molecule analogy
more rigorously than many others active in the field via
his so-called “united atom” approach, which postulated
that the molecular orbitals of the diatomic molecule
smoothly transformed into a set of corresponding
atomic orbitals for a hypothetical atom created by unit-
ing or fusing together the two atoms of the diatomic.

Figure 1. Robert S. Mulliken (1896-1986).

By 1926, he was assigning atomic term symbols, such
as 2S, P or 3D, and individual “electron quantum num-
bers,” such as s, p and d, to diatomics based on those
of the corresponding hypothetical united atom (1). By
1928, he had further refined his symbolism for the mo-
lecular quantum numbers of individual electrons and
was talking instead of (Is)2, (2sP)! electrons, etc.,
where (2sP)!, for example, referred to an electron in the
diatomic corresponding to an electron in the united
atom with the quantum numbers n = 2,/ =1 or p and
my=0ors(2).

Shortly after this Mulliken seems to have hit on
the simple expedient of using the corresponding Greek
letters for molecular states and quantum numbers while
retaining the original Latin letters for the atomic states
and quantum numbers. Thus the 2S, 'P and 3D term
symbols of the united atom became instead the 2%, TT
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3A term symbols of the diatomic and the (1s%)? and
(2pP)! configurations of the united atom became the
1s0? and 2pmt! configurations of the diatomic, etc.
where 1s and 2p now referred to the atomic orbitals of
the isolated atoms used to create the ¢ and T MO’s
rather than to the atomic orbitals formed by collapsing
the MOs into the corresponding atomic orbitals of the
united atom. If the nature of the component atomic
orbitals was well known, it was further suggested that
the molecular electron quantum numbers could simply
be written as 02, it!, etc.

Feeling that the time had come to finally standard-
ize the symbolism used in molecular spectroscopy,
Mulliken circulated these ideas for discussion and
modification among his fellow spectroscopists in the
form of a printed flyer. Though it is unclear from his
published accounts how much of the final consensus
was based on Mulliken’s original suggestions and how
much on the suggestions of others, the final result was,
in any case, submitted for presentation at a meeting of
the Faraday Society on “Molecular Spectra and Mo-
lecular Structure” held at the University of Bristol in
September of 1929 (3, 4). Since Mulliken was unable
to attend in person, his nomenclature proposals were
presented instead by O. W. Richardson (5) of the Uni-
versity of London, along with some written comments
from Mulliken himself (6), and Mulliken also summa-
rized them early the next year for American physicists
in a report written for the Physical Review (7). Still
later the order of writing the atomic components versus
the resulting MO would be inverted from 1502 to (01s)?
and then eventually subscripted as (015)2.

It was, however, not until 1931 that these purely
spectroscopic considerations were further connected
with the theory of valence and chemical bonding,
leading, in turn, to the introduction of the asterisk
notation for distinguishing between antibonding and
bonding electrons and to the eventual transference of the
symbols o, 7, and & from the electrons to the result-
ing bonds (8). This was followed, in turn, by the
practice of applying these labels to single and multi-
ple bonds in molecules other than the diatomics,
thereby dissociating them from their original connection
with the net symmetry of the overall molecule. The
first experimental ground-state 8-bond was reported
by F. A. Cotton in 1965 for the [Re>Clg]> anion (9).
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The best way of seeing the analogy between the
S, p, and d atomic orbitals, which are the ultimate ori-
gin of this nomenclature system (10), and the o, s, and
0 molecular orbitals is to take a cross-section of the
bond MO perpendicular to the bond axis. That for a o-
bond will resemble the cross-section of an s-orbital,
that for a mt-bond will resemble the cross-section of a p-
orbital, and that for a §-bond will resemble the cross-
section of a d-orbital.
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Do you have a question about the historical origins of a sym-
bol, name, concept or experimental procedure used in your
teaching? Address them to Dr. William B. Jensen, Oesper
Collections in the History of Chemistry, Department of
Chemistry, University of Cincinnati, Cincinnati, OH 45221-
0172 or e-mail them to jensenwb@ucmail .uc.edu
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