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L’énigme du benzène (XIXe)

Il y a 100 ans…



1872: Kekulé a proposé que le benzène a une structure 
symétrique unique, dans laquelle « chaque atome de carbone
(...) a exactement la même relation avec ses deux voisins ».
La proposition de Kekulé est que le benzene est de symétrie D6h!

la structure chimique du benzène
Conférence Y. Coquerel



• Signification des « traits » dans les schémas de Kekulé ? Que 
sait-on de la liaison chimique en 1872 ?

• On connaît depuis peu la régularité des propriétés chimiques 
des éléments 

→ Tableau de Mendeleiev (1869)

• On ne connait toujours pas la structure des atomes



Naissance d’une théorie "classique" 
de la liaison chimique (1916)

314 CATHEDRALS OF SCIENCE

he have a heart attack or stroke, particularly after the stress of the meeting 
with Langmuir? Perhaps he was depressed and was upset by his meeting with 
Langmuir, but people who are depressed and upset have heart attacks, too.

Three questions remain: what was Lewis doing in the laboratory with 
hydrogen cyanide that day, who had arranged for Langmuir to visit, and why 
was the luncheon with Langmuir not disclosed?

Kasha described Lewis as working from an article in Transactions of the 
Faraday Society. I was unable to ! nd such an article, but I did ! nd a two-year-
old paper in another British journal that exactly matched Kasha’s descrip-
tion.41 The experiment that Kasha describes is very Lewis-like and gives a 
good explanation of why he was working with hydrogen cyanide that day.

Who had been behind the honorary degree for Langmuir, and who had 
organized the lunch? Given Langmuir’s status as a Nobel Prize–winning 
chemist, and the long-term enmity of Lewis toward Langmuir, it must have 
been someone senior from the chemistry department—no one else would have 

Figure 11-2. Lewis in the laboratory in 1944. Courtesy of the College of 
Chemistry, University of California, Berkeley.

G.N. Lewis (1944)



L’électron entre en scène (1897)

• J.J. Thomson (1897) : Découverte de l’électron 
→ Premier modèle de l’atome « Plum pudding » 

• Modèles atomiques de Bohr (1909), Rutherford 
(1912)

→ Existence d’un noyau, électrons sur des orbites

• G.N. Lewis (1916) : Modèle de la paire d’électrons 
et règle de l’octet 
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a handwritten paper by Lewis titled “The Electron and the Molecule” dating 
from Lewis’s graduate student days; unfortunately, the paper has not been 
preserved.13 As we shall see from his later comments, Richards likely regarded 
Lewis’s speculations about the electron as yet another “blind path.”

Despite their differences, Lewis and Richards came to an agreement regard-
ing the subject of Lewis’s doctoral research. Lewis’s 1899 dissertation consists 
of two parts: a careful experimental study of the properties of zinc and cad-
mium amalgams as electrodes, and an entirely theoretical study of an equa-
tion he had derived for the determination of free energies.14 The ! rst part of 
Lewis’s dissertation was a straightforward extension of the sort of work Nernst 
had been doing connecting voltage and free energy. By developing better elec-
trodes, Richards and Lewis made possible more accurate measurement of the 
voltage of reactions involving zinc and cadmium, and voltage could be used to 
measure free energy, as Nernst had shown. When this work was published in 
the scienti! c literature, the authors were Richards and Lewis, in that order.15

Figure 2-1. Lewis as a young man. Courtesy of the College of Chemistry, 
University of California, Berkeley.
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gest the use of a colon, or two dots arranged in some other manner, to
represent the two electrons which act as the connecting links between the
two atoms. Thus we may write Cl2 as Cl : Cl. If in certain cases we

wish to show that one atom in the molecule is on the average negatively
charged we may bring the colon nearer to the negative element. Thus
we may write Na : I, and I : Cl. Different spacings to represent differ-
ent degrees of polarity can of course be more freely employed at a black-
board than in type.

It will be noted that, since in the hydrogen-helium row we have the
rule of two in the place of the rule of eight, the insertion of one electron
into the shell of the hydrogen atom is entirely analogous to the comple-
tion of the cube in the case of the halogens. Thus we may consider
ordinary hydrogen as a hydride of positive hydrogen in the same sense
that chlorine may be regarded as a chloride of positive chlorine. But
H2 is far less polar even than Cl2. The three main types of hydrogen
compounds may be represented therefore by H : Cl,  : H, and Na : H.

We may go further and give a complete formula for each compound
by using the symbol of the kernel instead of the ordinary atomic symbol
and by adjoining to each symbol a number of dots corresponding to the
number of electrons in the atomic shell. Thus we may write  : H,
H : O i  ,  : I:, : I: I:, but we shall see that in many cases such a

formula represents only one of the numerous extreme tautomeric forms.
For the sake of simplicity we may also use occasionally formulae which
show only those electrons concerned in the union of two atoms, as in the
preceding paragraphs.

It is evident that the type of union which we have so far pictured,
although it involves two electrons held in common by two atoms, never-
theless corresponds to the single bond as it is commonly used in graphical
formulae. In order to illustrate this point further we may discuss a prob-
lem which has proved extremely embarrassing to a number of theories
of valence. I refer to the structure of ammonia and of ammonium ion.
Ammonium ion may of course, on account of the extremely polar charac-
ter of ammonia and hydrogen ion, be regarded as a loose complex due to
the electrical attraction of the two polar molecules. However, as we con-
sider the effect of substituting hydrogen by organic groups we pass grad-
ually into a field where we may be perfectly certain that four groups are

attached directly to the nitrogen atom, and these groups are held with
sufficient firmness so that numerous stereochemical isomers have been
obtained. The solution of this problem in terms of the theory here pre-
sented is extremely simple and satisfactory, and it will be sufficient to
write an equation in terms of the new symbols in order to make
the explanation obvious. Thus for NHS + H+ = NH(+ we write



Le modèle de Lewis (1916)

• Issu d’observations expérimentales : 
– La plupart des composés stables ont un nombre pair d’électrons 
– Valence (nombre de liaisons) maximale de 4   

• La liaison covalente : partage d’une paire d’électrons entre deux atomes.
• Règle de l’octet : les atomes se combinent de telle sorte à avoir 8 électrons 

dans leur couche de valence

Article : « L’atome et la molécule » dans The Journal of the American Chemical Society (1916)

762 GILBERT N. LEWIS.

By combining these results with those derived from Jahn’s measure-
ments of the electromotive force at 180 of cells Ag + AgCl, HCl(ci),
HC1(c3), AgCl + Ag the series of free-energy values has been extended
from 0.033 to 0.00167 molal (Table IX). And with the aid of calori-
metric data and an electromotive force determination of the cell H3,
HC1, Hg3Cl3 + Hg by Lewis and Rupert, the absolute free energy of HC1
(referred to the free energies of the elements as zero) at 18, 25, and 350
in solutions from 0.00167 molal to 4.5 molal has been calculated and
tabulated (Table X).
From these free-energy data, with the aid of the assumption that at

the lowest concentration (0.00167 molal) the ion activity is equal to the ion
concentration, a series of absolute activity coefficients for hydrochloric
acid covering the concentration range 0.00167-4.5 molal has been com-

puted (Table XI). These have then been compared with the activity
coefficients of potassium chloride derived from the electromotive-force
measurements of Maclnnes and Parker (Table XII) and the osmotic
pressure calculations of Bates (Table XIII).
The results lead to the conclusions that the activity coefficients both of

hydrochloric acid and potassium chloride decrease up to 0.1 molal far
more rapidly than do the conductance ratios. The difference at this
concentration amounts to 9% for hydrochloric acid and 15% for potas-
sium chloride, so that in using the conductance ratio as a measure of ion
activity in mass-action expressions, as is commonly done, a corresponding
error is involved. At a concentration of about 0.5 molal the activity
coefficient of hydrochloric acid reaches a minimum, and then increases
very rapidly with increasing concentration, becoming at the highest
concentration (4.48 molal) 2.23 times as great as at zero concentration.
The results show further that the activity coefficients of potassium chloride
derived independently from electromotive force and from freezing-point
measurements are in remarkable agreement, affording evidence that
in the case of this salt the conductance ratio is a true measure of ion
concentration (though not of ion activity), since this assumption is made
in the calculation from the freezing points, but not in that from the elec-
tromotive forces.

Boston, Mass.

[Contribution from the Chemical Laboratory of the University of California.]
THE ATOM AND THE MOLECULE.

By Gilbert N. Lewis.
Received January 26, 1916.

In a paper entitled “Valence and Tautomerism”1 I took occasion
1 This Journal, 35,1448 (1913); see also the important article of Bray and Branch,

Ibid., 35, 1440 (1913).
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Le modèle de Lewis (1916)

• L’atome « cubique » : les électrons sont disposés aux sommets d’un cube

• Pour former des liaisons : on assemble les cubes en partageant les arêtes
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If there were a sharp and always recognizable distinction between the
polar and the nonpolar molecule then a substance would be more polar
or less polar according as it possessed a greater or smaller percentage of
molecules of the first type. This would be a simple and in many cases
a satisfactory interpretation of the difference in behavior between differ-
ent substances, but scanning the whole field of chemical phenomena we

are, I believe, forced to the conclusion that the distinction between the
most extreme polar and nonpolar types is only one of degree, and that a

single molecule, or even a part of a molecule, may pass from one extreme
type to another, not by a sudden and discontinuous change, but by im-
perceptible gradations. The nature of such a transition we shall discuss
in the following sections:

The Cubical Atom.
A number of years ago, to account for the striking fact which has be-

come known as Abegg’s law of valence and countervalence, and according
to which the total difference between the maximum negative and posi-
tive valences or polar numbers of an element is frequently eight and is
in no case more than eight, I designed what may be called the theory of
the cubical atom. This theory, while it has become familiar to a num-
ber of my colleagues, has never been published, partly because it was in
many respects incomplete. Although many of these elements of incom-
pleteness remain, and although the theory lacks to-day much of the novelty
which it originally possessed, it seems to me more probable intrinsically
than some of the other theories of atomic structure which have been pro-
posed, and I cannot discuss more fully the nature of the differences be-
tween polar and nonpolar compounds without a brief discussion of this
theory.

4 47 47 47 47 4747
Li Be B

4^77
c

Pig. 2.
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_—0 Jb—-0 Jb—hO
-0 0-—0 <5-—0

0 F

The pictures of atomic structure which are reproduced in Fig. 2,1
and in which the circles represent the electrons in the outer shell of the

1 These figures are taken from a memorandum dated March 28, 1902, together
with the models are notes concerning different types of chemical compounds; the various
possible arrangements of electrons in the outer atom and the possibility of intra-atomic
isomerism; the relationship between symmetrical structure and atomic volume; and
certain speculations as to the structure of the helium atom which we shall see were

probably partly incorrect. The date of origin of this theory is mentioned not with the
purpose of claiming any sort of priority with respect to those portions which overlap
existing theories, but because the fact that similar theories have been developed inde-
pendently adds to the probability that all possess some characteristics of fundamental
reality.
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gest the use of a colon, or two dots arranged in some other manner, to
represent the two electrons which act as the connecting links between the
two atoms. Thus we may write Cl2 as Cl : Cl. If in certain cases we

wish to show that one atom in the molecule is on the average negatively
charged we may bring the colon nearer to the negative element. Thus
we may write Na : I, and I : Cl. Different spacings to represent differ-
ent degrees of polarity can of course be more freely employed at a black-
board than in type.

It will be noted that, since in the hydrogen-helium row we have the
rule of two in the place of the rule of eight, the insertion of one electron
into the shell of the hydrogen atom is entirely analogous to the comple-
tion of the cube in the case of the halogens. Thus we may consider
ordinary hydrogen as a hydride of positive hydrogen in the same sense
that chlorine may be regarded as a chloride of positive chlorine. But
H2 is far less polar even than Cl2. The three main types of hydrogen
compounds may be represented therefore by H : Cl,  : H, and Na : H.

We may go further and give a complete formula for each compound
by using the symbol of the kernel instead of the ordinary atomic symbol
and by adjoining to each symbol a number of dots corresponding to the
number of electrons in the atomic shell. Thus we may write  : H,
H : O i  ,  : I:, : I: I:, but we shall see that in many cases such a

formula represents only one of the numerous extreme tautomeric forms.
For the sake of simplicity we may also use occasionally formulae which
show only those electrons concerned in the union of two atoms, as in the
preceding paragraphs.

It is evident that the type of union which we have so far pictured,
although it involves two electrons held in common by two atoms, never-
theless corresponds to the single bond as it is commonly used in graphical
formulae. In order to illustrate this point further we may discuss a prob-
lem which has proved extremely embarrassing to a number of theories
of valence. I refer to the structure of ammonia and of ammonium ion.
Ammonium ion may of course, on account of the extremely polar charac-
ter of ammonia and hydrogen ion, be regarded as a loose complex due to
the electrical attraction of the two polar molecules. However, as we con-
sider the effect of substituting hydrogen by organic groups we pass grad-
ually into a field where we may be perfectly certain that four groups are

attached directly to the nitrogen atom, and these groups are held with
sufficient firmness so that numerous stereochemical isomers have been
obtained. The solution of this problem in terms of the theory here pre-
sented is extremely simple and satisfactory, and it will be sufficient to
write an equation in terms of the new symbols in order to make
the explanation obvious. Thus for NHS + H+ = NH(+ we write

• Notation simplifiée d’une paire d’électrons : ’’    ‘’ 

THE ATOM AND THE MOLECULE. 777

gest the use of a colon, or two dots arranged in some other manner, to
represent the two electrons which act as the connecting links between the
two atoms. Thus we may write Cl2 as Cl : Cl. If in certain cases we

wish to show that one atom in the molecule is on the average negatively
charged we may bring the colon nearer to the negative element. Thus
we may write Na : I, and I : Cl. Different spacings to represent differ-
ent degrees of polarity can of course be more freely employed at a black-
board than in type.

It will be noted that, since in the hydrogen-helium row we have the
rule of two in the place of the rule of eight, the insertion of one electron
into the shell of the hydrogen atom is entirely analogous to the comple-
tion of the cube in the case of the halogens. Thus we may consider
ordinary hydrogen as a hydride of positive hydrogen in the same sense
that chlorine may be regarded as a chloride of positive chlorine. But
H2 is far less polar even than Cl2. The three main types of hydrogen
compounds may be represented therefore by H : Cl,  : H, and Na : H.

We may go further and give a complete formula for each compound
by using the symbol of the kernel instead of the ordinary atomic symbol
and by adjoining to each symbol a number of dots corresponding to the
number of electrons in the atomic shell. Thus we may write  : H,
H : O i  ,  : I:, : I: I:, but we shall see that in many cases such a

formula represents only one of the numerous extreme tautomeric forms.
For the sake of simplicity we may also use occasionally formulae which
show only those electrons concerned in the union of two atoms, as in the
preceding paragraphs.

It is evident that the type of union which we have so far pictured,
although it involves two electrons held in common by two atoms, never-
theless corresponds to the single bond as it is commonly used in graphical
formulae. In order to illustrate this point further we may discuss a prob-
lem which has proved extremely embarrassing to a number of theories
of valence. I refer to the structure of ammonia and of ammonium ion.
Ammonium ion may of course, on account of the extremely polar charac-
ter of ammonia and hydrogen ion, be regarded as a loose complex due to
the electrical attraction of the two polar molecules. However, as we con-
sider the effect of substituting hydrogen by organic groups we pass grad-
ually into a field where we may be perfectly certain that four groups are

attached directly to the nitrogen atom, and these groups are held with
sufficient firmness so that numerous stereochemical isomers have been
obtained. The solution of this problem in terms of the theory here pre-
sented is extremely simple and satisfactory, and it will be sufficient to
write an equation in terms of the new symbols in order to make
the explanation obvious. Thus for NHS + H+ = NH(+ we write

THE ATOM AND THE MOLECULE. 779

other atoms precisely as ethylene forms addition compounds. These
two forms of oxygen (which, of course, may merge into one another by

• · «* · · · ·

continuous gradations) can be represented as '· O: - O' and   '· ·, and

   H
the two forms of ethylene1 as H ’ C -

’ C - H and H!C · C?H.

The instability of multiple bonds and the underlying principle of
Baeyer’s Strain Theory we shall discuss presently, but before proceeding
further in this direction it is important to consider the general relation
between the strength of the constraints which hold a molecule together
and the stability of the molecule. The term “stability” is used in two
very different senses, according as we think of the tendency of a reaction
to occur, or the speed of that reaction. We speak of nitric oxide as' an

extremely stable substance although it is thermodynamically unstable,
and the free energy involved in its decomposition is enormous, but it is
so inert that it suffers no appreciable change. A high degree of inertness
means ordinarily very rigid constraints operating within the molecule,
but these powerful forces may operate only over a very small distance
so that the work done in overcoming them may be very small. To illus-
trate this point let us consider a piece of iron suspended by a magnet.
It is drawn downwards by the force of gravity and upwards by the mag-
netic field, and while the net amount of work obtained by separating it
from the magnet and allowing it to fall to earth may be positive, it never-
theless will not fall of itself, but can only be drawn from the magnet by
a force far greater than that of gravitation. So in the case of the mole-
cule, thermodynamic stability is closely associated with the work of break-
ing some bond, but the inertness of the molecule depends upon the force
required to break that bond.

Before considering triple bonds, for which the cubical structure offers
no simple representation, I wish to discuss some ideas in the recent de-
velopment of which I am greatly indebted to suggestions made by Dr.
L. Rosenstein, Dr. E. Q. Adams and Mr. F. R. von Bichowsky, as well
as to the work of Mr. A. L. Parson, to which I have already referred. In
my early theory the cube was the fundamental structure of all atomic
shells. We have seen, however, in the case of elements with lower atomic
weights than lithium, that the pair of electrons forms the stable group,
and we may question whether in general the pair rather than the group
of eight should not be regarded as the fundamental unit. Perhaps the
chief reasons for assuming the cubical structure were that this is the most
symmetrical arrangement of eight electrons, and is the one in which the

11 shall postpone a discussion of the important bearing of such formulae upon the
problem of the conjugate double bond.
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thansomeoftheothertheoriesofatomicstructurewhichhavebeenpro-
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isomerism;therelationshipbetweensymmetricalstructureandatomicvolume;and
certainspeculationsastothestructureoftheheliumatomwhichweshallseewere

probablypartlyincorrect.Thedateoforiginofthistheoryismentionednotwiththe
purposeofclaiminganysortofprioritywithrespecttothoseportionswhichoverlap
existingtheories,butbecausethefactthatsimilartheorieshavebeendevelopedinde-
pendentlyaddstotheprobabilitythatallpossesssomecharacteristicsoffundamental
reality.
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 H

 :N’ +  = H :N: H. When ammonium ion combines with chloride

 H
ion the latter is not attached directly to the nitrogen but is held simply
through electric forces by the ammonium ion.

While the two dots of our formulae correspond to the line which has
been used to represent the single bond, we are led through their use to
certain formulae of great significance which I presume would not occur

to anyone using the ordinary symbols. Thus it has been generally as-

sumed that what is known as a bivalent element must be tied by two
bonds to another element or elements, or remain with an “unsaturated
valence.” On the other hand, we may now write formulae in which an

atom of oxygen is tied by only one pair of electrons to another atom and
yet have every element in the compound completely saturated. To
illustrate this important point we may write the formula of perchlorate,
sulfate, orthophosphate and orthosilicate ions, in which each atom has a

:0:

complete shell of eight electrons. Thus ·  · X · O *· represents all of

:0:

these ions. If X is Cl the ion has one negative charge; if S it has two
negative charges, and so on. The union of sulfur trioxide to oxide ion
to form sulfate ion is similar to the addition of amrqonia and hydrogen
ion to form ammonium ion. The adds or acid ions are produced from
the above ion by adding hydrogen ion, or H, to the oxygen atoms.

We may next consider the double bond in which four electrons are held
conjointly by two atoms. Thus Fig. 4, A, may represent the typical

structure of the molecule of oxygen.
A characteristic feature of the double
bond is its tendency to “break.”
When this happens in a symme-
trical way, as it will, except in a

highly polar environment, it leaves
the two atoms concerned in the odd state, each with an unpaired elec-
tron in the shell. In so far as a substance with a double bond assumes
this other tautomeric form, it will show all the properties of the substances
with odd molecules. Thus Fig. 4, B, represents this tautomeric form
of the oxygen molecule; the equilibrium between forms A and B is entirely
analogous to the equilibrium between N204 and N02. At low tempera-
tures almost every known case of combination with oxygen gives first a

peroxide. This shows that oxygen exists to an appreciable degree in a

form which approximates to the form B, in which it can add directly to

Fig. 4.

O2

O2H2 H2O C2H4



L’impasse et la nécessité d’une nouvelle physique

Mais… encore des questions non résolues :
1. Pourquoi les électrons s’apparient-ils malgré la répulsion coulombienne ?

2. Quelle est la source physique de la "stabilité" du benzène (aromaticité) ?

La réponse viendra de… la physique ! 

On comprend mieux la nature des traits dans les schémas de Kelulé :

C

C
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C
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H

H H

H

H

H



Emergence d’une nouvelle physique : 
la mécanique quantique (1901-1928)

Congrès Solvay 
« Electrons et photons » 
Bruxelles, 1927 
(17 futurs prix Nobel)



• Comportement « étrange du monde microscopique » : dualité onde-corpuscule 
pour la lumière (Einstein, 1905) comme pour la matière (de Broglie, 1923)

• L’état d’un système physique est décrit par une fonction d’onde     , solution de 
l’équation de Schrödinger (1926) : 

• Principe de superposition (Heisenberg, 1925) :

 si      et   sont les états accessibles du système, l’état réel est décrit par leur 
combinaison linéaire :

• A chaque grandeur physique A , on associe un opérateur Â
• Les résultats d’une mesure sont les valeurs propres a de Â : 

Fondements de la mécanique quantique
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• Principe de Pauli (1924) : 

 deux électrons appariés doivent avoir des spins opposés 
 
 → On remplace par 

Fondements de la mécanique quantique
11.2 Spin 1/2 formalism 201

Fig. 11.1. Three physicists discussing the optimal way to measure spin effects in
proton collisions at the Argonne ZGS accelerator (CERN document).

Any spin state is a linear superposition of two basis states and the degree
of freedom corresponding to spin is described in a two-dimensional Hilbert
space: Espin.

11.2.1 Representation in a particular basis

We choose a basis of states in which both Ŝ2 and Ŝz are diagonal, which we
denote {|+〉, |−〉}:

Ŝz|+〉 =
h̄

2
|+〉 , Ŝz|−〉 = − h̄

2
|−〉 , Ŝ2|±〉 =

3h̄2

4
|±〉 . (11.1)

Using the notation of chapter 9, the states |±〉 would be |j = 1/2, m = ±1/2〉.
The action of Ŝx and Ŝy on the elements of the basis is written as (see Equation
(9.16))

Ŝx|+〉 = h̄/2|−〉 , Ŝx|−〉 = h̄/2|+〉 , (11.2)
Ŝy|+〉 = ih̄/2|−〉 , Ŝy|−〉 = −ih̄/2|+〉 . (11.3)

An arbitrary spin state |Σ〉 can be written as

|Σ〉 = α |+〉 + β |−〉 , |α|2 + |β|2 = 1 . (11.4)

The probabilities of finding +h̄/2 and −h̄/2 in a measurement of Sz on this
state are P (+h̄/2) = |α|2, P (−h̄/2) = |β|2.

11.2.2 Matrix representation

It is convenient to use matrix representations for the states and the operators:
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gest the use of a colon, or two dots arranged in some other manner, to
represent the two electrons which act as the connecting links between the
two atoms. Thus we may write Cl2 as Cl : Cl. If in certain cases we

wish to show that one atom in the molecule is on the average negatively
charged we may bring the colon nearer to the negative element. Thus
we may write Na : I, and I : Cl. Different spacings to represent differ-
ent degrees of polarity can of course be more freely employed at a black-
board than in type.

It will be noted that, since in the hydrogen-helium row we have the
rule of two in the place of the rule of eight, the insertion of one electron
into the shell of the hydrogen atom is entirely analogous to the comple-
tion of the cube in the case of the halogens. Thus we may consider
ordinary hydrogen as a hydride of positive hydrogen in the same sense
that chlorine may be regarded as a chloride of positive chlorine. But
H2 is far less polar even than Cl2. The three main types of hydrogen
compounds may be represented therefore by H : Cl,  : H, and Na : H.

We may go further and give a complete formula for each compound
by using the symbol of the kernel instead of the ordinary atomic symbol
and by adjoining to each symbol a number of dots corresponding to the
number of electrons in the atomic shell. Thus we may write  : H,
H : O i  ,  : I:, : I: I:, but we shall see that in many cases such a

formula represents only one of the numerous extreme tautomeric forms.
For the sake of simplicity we may also use occasionally formulae which
show only those electrons concerned in the union of two atoms, as in the
preceding paragraphs.

It is evident that the type of union which we have so far pictured,
although it involves two electrons held in common by two atoms, never-
theless corresponds to the single bond as it is commonly used in graphical
formulae. In order to illustrate this point further we may discuss a prob-
lem which has proved extremely embarrassing to a number of theories
of valence. I refer to the structure of ammonia and of ammonium ion.
Ammonium ion may of course, on account of the extremely polar charac-
ter of ammonia and hydrogen ion, be regarded as a loose complex due to
the electrical attraction of the two polar molecules. However, as we con-
sider the effect of substituting hydrogen by organic groups we pass grad-
ually into a field where we may be perfectly certain that four groups are

attached directly to the nitrogen atom, and these groups are held with
sufficient firmness so that numerous stereochemical isomers have been
obtained. The solution of this problem in terms of the theory here pre-
sented is extremely simple and satisfactory, and it will be sufficient to
write an equation in terms of the new symbols in order to make
the explanation obvious. Thus for NHS + H+ = NH(+ we write

• Les électrons sont indiscernables

• Les électrons ont un spin ou 

• Perte de la notion de trajectoire → probabilité de présence

Tiré de J.L. Basdevant, J. Dalibard, 
« Mécanique quantique »
Ed. Ecole Polytechnique, 2002, p.244



Un nouvel objet pour décrire les électrons dans les atomes : 
l’orbitale atomique

Densité de 
probabilité
de l’électron

Orbitale 
atomique : 
contour et 
signe

z

y

x

+
-

+
+

+ +- -



Naissance de la chimie quantique (1927)

• Première application de la théorie quantique à une molécule (H2) : 
 → le modèle de Heitler-London (1927)
• La fonction d’onde est la superposition de deux configurations :

• Conclusion : La liaison covalente est la conséquence de l’énergie d’échange.
 →	Résout la contradiction apparente de la répulsion des électrons de la paire de Lewis

<latexit sha1_base64="JJGWruLx56Bxd6fqz11mXlk5TUY="></latexit>

 HL = 1sA(1)1sB(2) + 1sA(2)1sB(1)
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gest the use of a colon, or two dots arranged in some other manner, to
represent the two electrons which act as the connecting links between the
two atoms. Thus we may write Cl2 as Cl : Cl. If in certain cases we

wish to show that one atom in the molecule is on the average negatively
charged we may bring the colon nearer to the negative element. Thus
we may write Na : I, and I : Cl. Different spacings to represent differ-
ent degrees of polarity can of course be more freely employed at a black-
board than in type.

It will be noted that, since in the hydrogen-helium row we have the
rule of two in the place of the rule of eight, the insertion of one electron
into the shell of the hydrogen atom is entirely analogous to the comple-
tion of the cube in the case of the halogens. Thus we may consider
ordinary hydrogen as a hydride of positive hydrogen in the same sense
that chlorine may be regarded as a chloride of positive chlorine. But
H2 is far less polar even than Cl2. The three main types of hydrogen
compounds may be represented therefore by H : Cl,  : H, and Na : H.

We may go further and give a complete formula for each compound
by using the symbol of the kernel instead of the ordinary atomic symbol
and by adjoining to each symbol a number of dots corresponding to the
number of electrons in the atomic shell. Thus we may write  : H,
H : O i  ,  : I:, : I: I:, but we shall see that in many cases such a

formula represents only one of the numerous extreme tautomeric forms.
For the sake of simplicity we may also use occasionally formulae which
show only those electrons concerned in the union of two atoms, as in the
preceding paragraphs.

It is evident that the type of union which we have so far pictured,
although it involves two electrons held in common by two atoms, never-
theless corresponds to the single bond as it is commonly used in graphical
formulae. In order to illustrate this point further we may discuss a prob-
lem which has proved extremely embarrassing to a number of theories
of valence. I refer to the structure of ammonia and of ammonium ion.
Ammonium ion may of course, on account of the extremely polar charac-
ter of ammonia and hydrogen ion, be regarded as a loose complex due to
the electrical attraction of the two polar molecules. However, as we con-
sider the effect of substituting hydrogen by organic groups we pass grad-
ually into a field where we may be perfectly certain that four groups are

attached directly to the nitrogen atom, and these groups are held with
sufficient firmness so that numerous stereochemical isomers have been
obtained. The solution of this problem in terms of the theory here pre-
sented is extremely simple and satisfactory, and it will be sufficient to
write an equation in terms of the new symbols in order to make
the explanation obvious. Thus for NHS + H+ = NH(+ we write

A B

1sA 1sB 1sA 1sB

1 2 12
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Les fondements de la théorie VB : Pauling (1930)

Trois concepts clés :
1. Hybridation des orbitales : équivalence des liaisons dans le molécules

L. Pauling et J.C. Slater généralisent le modèle HL aux molécules polyatomiques :
 → théorie des liaisons de valence (Valence Bond Theory)

Cas  du carbone

3 OA hybrides sp2                        1 OA p pure

C C

120 °

C

C

Hybrides sp2

OA pure pz



Les fondements de la théorie VB : Pauling (1930)

Trois concepts clés :
1. Hybridation des orbitales : équivalence des liaisons dans le molécules
2. Structures ioniques : quantification de la polarité des liaisons (échelle 

d’électronégativité)

L. Pauling et J.C. Slater généralisent le modèle HL aux molécules polyatomiques :
 → théorie des liaisons de valence (Valence Bond Theory)

Cas  du carbone

3 OA hybrides sp2                        1 OA p pure
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Les fondements de la théorie VB : Pauling (1930)

Trois concepts clés :
1. Hybridation des orbitales : équivalence des liaisons dans le molécules
2. Structures ioniques : quantification de la polarité des liaisons (échelle 

d’électronégativité)
3. Résonance : stabilisation fondamentale issue de l’échange entre électrons, que 

Pauling généralise au concept de résonance entre structures chimiques

L. Pauling et J.C. Slater généralisent le modèle HL aux molécules polyatomiques :
 → théorie des liaisons de valence (Valence Bond Theory)

Cas  du carbone

3 OA hybrides sp2                        1 OA p pure

C C

120 °

C

C

Hybrides sp2

OA pure pz
C C = C C C C CCC C



• L. Pauling, un chimiste qui applique des concepts de 
mécanique quantique pour comprendre la liaison 
chimique.

• « La nature de la liaison chimique » : 5 articles entre 1931 
et 1933 et un livre en 1939 (600 pages), la « bible » pour 
des générations de chimistes !

• Théorie extrêmement féconde (explicative et prédictive) :  
liaisons covalentes, partiellement ioniques, liaisons à 1 et 
3 électrons, énergies des liaisons, structures des cristaux, 
liaisons métalliques…

• S’appuie sur beaucoup de données de thermochimie
• Une vision localisée de la liaison qui parle aux chimistes

Les fondements de la théorie VB : Pauling (1930)



Une approche alternative à la théorie VB :
 la théorie des orbitales moléculaires (MO) 

• R. Mulliken et F. Hund (1928 – 1932) introduisent la théorie des Orbitales 
Moléculaires (Molecular Orbitals, MO).

• Une orbitale moléculaire = combinaison linéaire d’orbitales atomiques
• Retour sur la molécule H2 : les deux électrons sont décrits par une fonction 

délocalisée 𝜎! sur les deux atomes

<latexit sha1_base64="+qGWLA6TqusERUquQFvLszINqZ4="></latexit>

�g = (1sA(1) + 1sB(1))⇥ (1sA(2) + 1sB(2))

Lewis

devient

MO

HA HB

-
1 2 21

THE ATOM AND THE MOLECULE. 777

gest the use of a colon, or two dots arranged in some other manner, to
represent the two electrons which act as the connecting links between the
two atoms. Thus we may write Cl2 as Cl : Cl. If in certain cases we

wish to show that one atom in the molecule is on the average negatively
charged we may bring the colon nearer to the negative element. Thus
we may write Na : I, and I : Cl. Different spacings to represent differ-
ent degrees of polarity can of course be more freely employed at a black-
board than in type.

It will be noted that, since in the hydrogen-helium row we have the
rule of two in the place of the rule of eight, the insertion of one electron
into the shell of the hydrogen atom is entirely analogous to the comple-
tion of the cube in the case of the halogens. Thus we may consider
ordinary hydrogen as a hydride of positive hydrogen in the same sense
that chlorine may be regarded as a chloride of positive chlorine. But
H2 is far less polar even than Cl2. The three main types of hydrogen
compounds may be represented therefore by H : Cl,  : H, and Na : H.

We may go further and give a complete formula for each compound
by using the symbol of the kernel instead of the ordinary atomic symbol
and by adjoining to each symbol a number of dots corresponding to the
number of electrons in the atomic shell. Thus we may write  : H,
H : O i  ,  : I:, : I: I:, but we shall see that in many cases such a

formula represents only one of the numerous extreme tautomeric forms.
For the sake of simplicity we may also use occasionally formulae which
show only those electrons concerned in the union of two atoms, as in the
preceding paragraphs.

It is evident that the type of union which we have so far pictured,
although it involves two electrons held in common by two atoms, never-
theless corresponds to the single bond as it is commonly used in graphical
formulae. In order to illustrate this point further we may discuss a prob-
lem which has proved extremely embarrassing to a number of theories
of valence. I refer to the structure of ammonia and of ammonium ion.
Ammonium ion may of course, on account of the extremely polar charac-
ter of ammonia and hydrogen ion, be regarded as a loose complex due to
the electrical attraction of the two polar molecules. However, as we con-
sider the effect of substituting hydrogen by organic groups we pass grad-
ually into a field where we may be perfectly certain that four groups are

attached directly to the nitrogen atom, and these groups are held with
sufficient firmness so that numerous stereochemical isomers have been
obtained. The solution of this problem in terms of the theory here pre-
sented is extremely simple and satisfactory, and it will be sufficient to
write an equation in terms of the new symbols in order to make
the explanation obvious. Thus for NHS + H+ = NH(+ we write

A B



Une approche alternative à la théorie VB :
 la théorie des orbitales moléculaires (MO) 

• R. Mulliken et F. Hund (1928 – 1932) introduisent la théorie des Orbitales 
Moléculaires (Molecular Orbitals, MO).

• Une orbitale moléculaire = combinaison linéaire d’orbitales atomiques
• Retour sur la molécule H2 : les deux électrons sont décrits par une fonction 
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gest the use of a colon, or two dots arranged in some other manner, to
represent the two electrons which act as the connecting links between the
two atoms. Thus we may write Cl2 as Cl : Cl. If in certain cases we

wish to show that one atom in the molecule is on the average negatively
charged we may bring the colon nearer to the negative element. Thus
we may write Na : I, and I : Cl. Different spacings to represent differ-
ent degrees of polarity can of course be more freely employed at a black-
board than in type.

It will be noted that, since in the hydrogen-helium row we have the
rule of two in the place of the rule of eight, the insertion of one electron
into the shell of the hydrogen atom is entirely analogous to the comple-
tion of the cube in the case of the halogens. Thus we may consider
ordinary hydrogen as a hydride of positive hydrogen in the same sense
that chlorine may be regarded as a chloride of positive chlorine. But
H2 is far less polar even than Cl2. The three main types of hydrogen
compounds may be represented therefore by H : Cl,  : H, and Na : H.

We may go further and give a complete formula for each compound
by using the symbol of the kernel instead of the ordinary atomic symbol
and by adjoining to each symbol a number of dots corresponding to the
number of electrons in the atomic shell. Thus we may write  : H,
H : O i  ,  : I:, : I: I:, but we shall see that in many cases such a

formula represents only one of the numerous extreme tautomeric forms.
For the sake of simplicity we may also use occasionally formulae which
show only those electrons concerned in the union of two atoms, as in the
preceding paragraphs.

It is evident that the type of union which we have so far pictured,
although it involves two electrons held in common by two atoms, never-
theless corresponds to the single bond as it is commonly used in graphical
formulae. In order to illustrate this point further we may discuss a prob-
lem which has proved extremely embarrassing to a number of theories
of valence. I refer to the structure of ammonia and of ammonium ion.
Ammonium ion may of course, on account of the extremely polar charac-
ter of ammonia and hydrogen ion, be regarded as a loose complex due to
the electrical attraction of the two polar molecules. However, as we con-
sider the effect of substituting hydrogen by organic groups we pass grad-
ually into a field where we may be perfectly certain that four groups are

attached directly to the nitrogen atom, and these groups are held with
sufficient firmness so that numerous stereochemical isomers have been
obtained. The solution of this problem in terms of the theory here pre-
sented is extremely simple and satisfactory, and it will be sufficient to
write an equation in terms of the new symbols in order to make
the explanation obvious. Thus for NHS + H+ = NH(+ we write
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Une approche alternative à la théorie VB :
 la théorie des orbitales moléculaires (MO) 

• R. Mulliken et F. Hund (1928 – 1932) introduisent la théorie des Orbitales 
Moléculaires (Molecular Orbitals, MO).

• Une orbitale moléculaire = combinaison linéaire d’orbitales atomiques
• Retour sur la molécule H2 : les deux électrons sont décrits par une fonction 

délocalisée 𝜎! sur les deux atomes
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gest the use of a colon, or two dots arranged in some other manner, to
represent the two electrons which act as the connecting links between the
two atoms. Thus we may write Cl2 as Cl : Cl. If in certain cases we

wish to show that one atom in the molecule is on the average negatively
charged we may bring the colon nearer to the negative element. Thus
we may write Na : I, and I : Cl. Different spacings to represent differ-
ent degrees of polarity can of course be more freely employed at a black-
board than in type.

It will be noted that, since in the hydrogen-helium row we have the
rule of two in the place of the rule of eight, the insertion of one electron
into the shell of the hydrogen atom is entirely analogous to the comple-
tion of the cube in the case of the halogens. Thus we may consider
ordinary hydrogen as a hydride of positive hydrogen in the same sense
that chlorine may be regarded as a chloride of positive chlorine. But
H2 is far less polar even than Cl2. The three main types of hydrogen
compounds may be represented therefore by H : Cl,  : H, and Na : H.

We may go further and give a complete formula for each compound
by using the symbol of the kernel instead of the ordinary atomic symbol
and by adjoining to each symbol a number of dots corresponding to the
number of electrons in the atomic shell. Thus we may write  : H,
H : O i  ,  : I:, : I: I:, but we shall see that in many cases such a

formula represents only one of the numerous extreme tautomeric forms.
For the sake of simplicity we may also use occasionally formulae which
show only those electrons concerned in the union of two atoms, as in the
preceding paragraphs.

It is evident that the type of union which we have so far pictured,
although it involves two electrons held in common by two atoms, never-
theless corresponds to the single bond as it is commonly used in graphical
formulae. In order to illustrate this point further we may discuss a prob-
lem which has proved extremely embarrassing to a number of theories
of valence. I refer to the structure of ammonia and of ammonium ion.
Ammonium ion may of course, on account of the extremely polar charac-
ter of ammonia and hydrogen ion, be regarded as a loose complex due to
the electrical attraction of the two polar molecules. However, as we con-
sider the effect of substituting hydrogen by organic groups we pass grad-
ually into a field where we may be perfectly certain that four groups are

attached directly to the nitrogen atom, and these groups are held with
sufficient firmness so that numerous stereochemical isomers have been
obtained. The solution of this problem in terms of the theory here pre-
sented is extremely simple and satisfactory, and it will be sufficient to
write an equation in terms of the new symbols in order to make
the explanation obvious. Thus for NHS + H+ = NH(+ we write

A B

• Hückel s’en empare et s’attaque au benzène : « Far too hard a nut to crack » 



Le benzène et l’approche de Pauling :
 énergie de résonance (1933)

L. Pauling (1901 – 1994)
Prix Nobel de chimie (1954)



Energie de résonance : une première définition de l’aromaticité ?

• Généralisation : résonance dans la liaison -> la résonance entre structures
• Molécule : superposition quantique de toutes ses structures limites valides (formes 

mésomères ou formes canoniques).
• La structure réelle (hybride de résonance) est plus stable que n’importe quelle 

structure limite.
• Pauling propose une première définition quantitative de l’aromaticité à l’aide de 

l’énergie de résonance (ER) = stabilisation supplémentaire par rapport à une seule 
structure de Kekulé
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energy), and consider only the interaction energy 
of the latter electrons, which may interact with 
one another in different ways. That is, we treat 
benzene simply as a six-electron system with spin 
degeneracy only, and naphthalene as a ten-
electron system with spin degeneracy only. 

Considerable justification for this choice of 
orbital functions and of bond distribution is 
provided by the fact that each of the single 
exchange integrals between a pure p-orbit and an 
orbit in the plane of the ring is positive (arising 
from the e2jrii term in the Hamiltonian only), 
and the chosen distribution of bonds causes these 
integrals to occur with the negative sign in the 
expression for the energy of the molecule, while 
the bonding exchange integrals, which are 
negative, occur with the positive sign. 

In carrying out the calculations we make 
certain further simplifying assumptions. We 
neglect all exchange integrals of unity, and all 
exchange integrals of the energy H except single 
exchange integrals involving two adjacent atoms. 
The single exchange integrals involving adjacent 
a toms, (abcdef j II j bacdef), (abcdef / H / acbdef), etc., 
are represented by the symbol 0:. These integrals 
are seen to be equal in benzene; in naphthalene 
and other aromatic molecules, in which they are 
not all required to be equal by the symmetry of 
the molecule, the reasonable assumption is made 
that no serious error is introduced by giving them 
all the same value. The Coulomb integral 
(abcdef/H/abcdef) is represented by the symbol 
Q. 

Benzene 
The benzene molecule can now be treated very 

simply by the Slater method, with the help of the 
rules formulated by one of us4 for finding the 
matrix elements occurring in the secular equa-
tion. The bonds between the six eigenfunctions 
can be drawn so as to give the independent 
canonical structures shown in Fig. 1. Any other 
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structures that can be drawn can be represented 
by eigenfunctions which are linear combinations 
of the five above. It will be seen that structures A 
and B are simply the two Kekule structures, and 
C, D and E are three different forms of the 
Dewar structure. The Claus cE!ntric structure 
does not belong to the canonical set, but it can be 
represented as a linear combination of canonical 
structures; and the same is true of the Laden burg 
structure if it be considered spread out in a plane, 
as: 

(The Claus structure = A + B - C - D - E; the 
Laden burg structure = A + B - D - E.) 

As can be easily verified, the secular equation is 
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This quintic equation is easily reduced to three 
linear factors and one quadratic factor, the roots 
being -20:, -20:, 0, (-(13)L1)0:, and «13)L1)0:. 
Siqce 0: is negative, the last of these roots, 
«1i3)t-1)0: = 2.60550:, represents the normal 
state of the molecule. The eigenfunction corre-
sponding to this is (before normalizing) if; = if; A 

+if;B+0.4341 (if;c+if;D+if;E). If we had neglected 
the resonance phenomenon and calculated the 
energy for one of the structures A or B, we would 
have obtained the value W' = Q+ 1.50:. Hence the 
extra energy of the molecule resulting from 
resonance among the five independent structures 

4 L. Pauling, J. Chern. Phys. 1, 280 (1933). 
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energy), and consider only the interaction energy 
of the latter electrons, which may interact with 
one another in different ways. That is, we treat 
benzene simply as a six-electron system with spin 
degeneracy only, and naphthalene as a ten-
electron system with spin degeneracy only. 

Considerable justification for this choice of 
orbital functions and of bond distribution is 
provided by the fact that each of the single 
exchange integrals between a pure p-orbit and an 
orbit in the plane of the ring is positive (arising 
from the e2jrii term in the Hamiltonian only), 
and the chosen distribution of bonds causes these 
integrals to occur with the negative sign in the 
expression for the energy of the molecule, while 
the bonding exchange integrals, which are 
negative, occur with the positive sign. 

In carrying out the calculations we make 
certain further simplifying assumptions. We 
neglect all exchange integrals of unity, and all 
exchange integrals of the energy H except single 
exchange integrals involving two adjacent atoms. 
The single exchange integrals involving adjacent 
a toms, (abcdef j II j bacdef), (abcdef / H / acbdef), etc., 
are represented by the symbol 0:. These integrals 
are seen to be equal in benzene; in naphthalene 
and other aromatic molecules, in which they are 
not all required to be equal by the symmetry of 
the molecule, the reasonable assumption is made 
that no serious error is introduced by giving them 
all the same value. The Coulomb integral 
(abcdef/H/abcdef) is represented by the symbol 
Q. 

Benzene 
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being -20:, -20:, 0, (-(13)L1)0:, and «13)L1)0:. 
Siqce 0: is negative, the last of these roots, 
«1i3)t-1)0: = 2.60550:, represents the normal 
state of the molecule. The eigenfunction corre-
sponding to this is (before normalizing) if; = if; A 

+if;B+0.4341 (if;c+if;D+if;E). If we had neglected 
the resonance phenomenon and calculated the 
energy for one of the structures A or B, we would 
have obtained the value W' = Q+ 1.50:. Hence the 
extra energy of the molecule resulting from 
resonance among the five independent structures 

4 L. Pauling, J. Chern. Phys. 1, 280 (1933). 
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This quintic equation is easily reduced to three 
linear factors and one quadratic factor, the roots 
being -20:, -20:, 0, (-(13)L1)0:, and «13)L1)0:. 
Siqce 0: is negative, the last of these roots, 
«1i3)t-1)0: = 2.60550:, represents the normal 
state of the molecule. The eigenfunction corre-
sponding to this is (before normalizing) if; = if; A 

+if;B+0.4341 (if;c+if;D+if;E). If we had neglected 
the resonance phenomenon and calculated the 
energy for one of the structures A or B, we would 
have obtained the value W' = Q+ 1.50:. Hence the 
extra energy of the molecule resulting from 
resonance among the five independent structures 
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energy), and consider only the interaction energy 
of the latter electrons, which may interact with 
one another in different ways. That is, we treat 
benzene simply as a six-electron system with spin 
degeneracy only, and naphthalene as a ten-
electron system with spin degeneracy only. 

Considerable justification for this choice of 
orbital functions and of bond distribution is 
provided by the fact that each of the single 
exchange integrals between a pure p-orbit and an 
orbit in the plane of the ring is positive (arising 
from the e2jrii term in the Hamiltonian only), 
and the chosen distribution of bonds causes these 
integrals to occur with the negative sign in the 
expression for the energy of the molecule, while 
the bonding exchange integrals, which are 
negative, occur with the positive sign. 

In carrying out the calculations we make 
certain further simplifying assumptions. We 
neglect all exchange integrals of unity, and all 
exchange integrals of the energy H except single 
exchange integrals involving two adjacent atoms. 
The single exchange integrals involving adjacent 
a toms, (abcdef j II j bacdef), (abcdef / H / acbdef), etc., 
are represented by the symbol 0:. These integrals 
are seen to be equal in benzene; in naphthalene 
and other aromatic molecules, in which they are 
not all required to be equal by the symmetry of 
the molecule, the reasonable assumption is made 
that no serious error is introduced by giving them 
all the same value. The Coulomb integral 
(abcdef/H/abcdef) is represented by the symbol 
Q. 

Benzene 
The benzene molecule can now be treated very 

simply by the Slater method, with the help of the 
rules formulated by one of us4 for finding the 
matrix elements occurring in the secular equa-
tion. The bonds between the six eigenfunctions 
can be drawn so as to give the independent 
canonical structures shown in Fig. 1. Any other 
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FIG. 1. The five canonical structures contributing to the 
normal state of the benzene molecule. 

structures that can be drawn can be represented 
by eigenfunctions which are linear combinations 
of the five above. It will be seen that structures A 
and B are simply the two Kekule structures, and 
C, D and E are three different forms of the 
Dewar structure. The Claus cE!ntric structure 
does not belong to the canonical set, but it can be 
represented as a linear combination of canonical 
structures; and the same is true of the Laden burg 
structure if it be considered spread out in a plane, 
as: 

(The Claus structure = A + B - C - D - E; the 
Laden burg structure = A + B - D - E.) 

As can be easily verified, the secular equation is 

(Q- W)+30:/2 HQ- W)+30:/2 HQ- W)+30:/2 HQ- W)+30:/2 HQ- W)+30:/2 
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HQ- W)+30:/2 HQ- W)+30:/2 HQ- W)+30:/2 HQ- W)+30:/2 (Q-W) 

This quintic equation is easily reduced to three 
linear factors and one quadratic factor, the roots 
being -20:, -20:, 0, (-(13)L1)0:, and «13)L1)0:. 
Siqce 0: is negative, the last of these roots, 
«1i3)t-1)0: = 2.60550:, represents the normal 
state of the molecule. The eigenfunction corre-
sponding to this is (before normalizing) if; = if; A 

+if;B+0.4341 (if;c+if;D+if;E). If we had neglected 
the resonance phenomenon and calculated the 
energy for one of the structures A or B, we would 
have obtained the value W' = Q+ 1.50:. Hence the 
extra energy of the molecule resulting from 
resonance among the five independent structures 

4 L. Pauling, J. Chern. Phys. 1, 280 (1933). 
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provided by the fact that each of the single 
exchange integrals between a pure p-orbit and an 
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from the e2jrii term in the Hamiltonian only), 
and the chosen distribution of bonds causes these 
integrals to occur with the negative sign in the 
expression for the energy of the molecule, while 
the bonding exchange integrals, which are 
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In carrying out the calculations we make 
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neglect all exchange integrals of unity, and all 
exchange integrals of the energy H except single 
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Dewar structure. The Claus cE!ntric structure 
does not belong to the canonical set, but it can be 
represented as a linear combination of canonical 
structures; and the same is true of the Laden burg 
structure if it be considered spread out in a plane, 
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This quintic equation is easily reduced to three 
linear factors and one quadratic factor, the roots 
being -20:, -20:, 0, (-(13)L1)0:, and «13)L1)0:. 
Siqce 0: is negative, the last of these roots, 
«1i3)t-1)0: = 2.60550:, represents the normal 
state of the molecule. The eigenfunction corre-
sponding to this is (before normalizing) if; = if; A 

+if;B+0.4341 (if;c+if;D+if;E). If we had neglected 
the resonance phenomenon and calculated the 
energy for one of the structures A or B, we would 
have obtained the value W' = Q+ 1.50:. Hence the 
extra energy of the molecule resulting from 
resonance among the five independent structures 

4 L. Pauling, J. Chern. Phys. 1, 280 (1933). 
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linear factors and one quadratic factor, the roots 
being -20:, -20:, 0, (-(13)L1)0:, and «13)L1)0:. 
Siqce 0: is negative, the last of these roots, 
«1i3)t-1)0: = 2.60550:, represents the normal 
state of the molecule. The eigenfunction corre-
sponding to this is (before normalizing) if; = if; A 

+if;B+0.4341 (if;c+if;D+if;E). If we had neglected 
the resonance phenomenon and calculated the 
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linear factors and one quadratic factor, the roots 
being -20:, -20:, 0, (-(13)L1)0:, and «13)L1)0:. 
Siqce 0: is negative, the last of these roots, 
«1i3)t-1)0: = 2.60550:, represents the normal 
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sponding to this is (before normalizing) if; = if; A 
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the resonance phenomenon and calculated the 
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Considerable justification for this choice of 
orbital functions and of bond distribution is 
provided by the fact that each of the single 
exchange integrals between a pure p-orbit and an 
orbit in the plane of the ring is positive (arising 
from the e2jrii term in the Hamiltonian only), 
and the chosen distribution of bonds causes these 
integrals to occur with the negative sign in the 
expression for the energy of the molecule, while 
the bonding exchange integrals, which are 
negative, occur with the positive sign. 

In carrying out the calculations we make 
certain further simplifying assumptions. We 
neglect all exchange integrals of unity, and all 
exchange integrals of the energy H except single 
exchange integrals involving two adjacent atoms. 
The single exchange integrals involving adjacent 
a toms, (abcdef j II j bacdef), (abcdef / H / acbdef), etc., 
are represented by the symbol 0:. These integrals 
are seen to be equal in benzene; in naphthalene 
and other aromatic molecules, in which they are 
not all required to be equal by the symmetry of 
the molecule, the reasonable assumption is made 
that no serious error is introduced by giving them 
all the same value. The Coulomb integral 
(abcdef/H/abcdef) is represented by the symbol 
Q. 

Benzene 
The benzene molecule can now be treated very 

simply by the Slater method, with the help of the 
rules formulated by one of us4 for finding the 
matrix elements occurring in the secular equa-
tion. The bonds between the six eigenfunctions 
can be drawn so as to give the independent 
canonical structures shown in Fig. 1. Any other 

OOCD0G 
ABC 0 E 

FIG. 1. The five canonical structures contributing to the 
normal state of the benzene molecule. 

structures that can be drawn can be represented 
by eigenfunctions which are linear combinations 
of the five above. It will be seen that structures A 
and B are simply the two Kekule structures, and 
C, D and E are three different forms of the 
Dewar structure. The Claus cE!ntric structure 
does not belong to the canonical set, but it can be 
represented as a linear combination of canonical 
structures; and the same is true of the Laden burg 
structure if it be considered spread out in a plane, 
as: 

(The Claus structure = A + B - C - D - E; the 
Laden burg structure = A + B - D - E.) 

As can be easily verified, the secular equation is 

(Q- W)+30:/2 HQ- W)+30:/2 HQ- W)+30:/2 HQ- W)+30:/2 HQ- W)+30:/2 

HQ- W)+30:/2 (Q- W)+30:/2 HQ- W)+30:/2 HQ- W)+30:/2 HQ- W)+30:/2 

HQ- W)+30:/2 HQ- W)+30:/2 (Q- W) HQ- W)+30:/2 HQ- W)+30:/2 =0. 

HQ- W)+30:/2 HQ- W)+30:/2 HQ- W)+30:/2 (Q- W) HQ- W)+30:/2 
HQ- W)+30:/2 HQ- W)+30:/2 HQ- W)+30:/2 HQ- W)+30:/2 (Q-W) 

This quintic equation is easily reduced to three 
linear factors and one quadratic factor, the roots 
being -20:, -20:, 0, (-(13)L1)0:, and «13)L1)0:. 
Siqce 0: is negative, the last of these roots, 
«1i3)t-1)0: = 2.60550:, represents the normal 
state of the molecule. The eigenfunction corre-
sponding to this is (before normalizing) if; = if; A 

+if;B+0.4341 (if;c+if;D+if;E). If we had neglected 
the resonance phenomenon and calculated the 
energy for one of the structures A or B, we would 
have obtained the value W' = Q+ 1.50:. Hence the 
extra energy of the molecule resulting from 
resonance among the five independent structures 

4 L. Pauling, J. Chern. Phys. 1, 280 (1933). 
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energy), and consider only the interaction energy 
of the latter electrons, which may interact with 
one another in different ways. That is, we treat 
benzene simply as a six-electron system with spin 
degeneracy only, and naphthalene as a ten-
electron system with spin degeneracy only. 

Considerable justification for this choice of 
orbital functions and of bond distribution is 
provided by the fact that each of the single 
exchange integrals between a pure p-orbit and an 
orbit in the plane of the ring is positive (arising 
from the e2jrii term in the Hamiltonian only), 
and the chosen distribution of bonds causes these 
integrals to occur with the negative sign in the 
expression for the energy of the molecule, while 
the bonding exchange integrals, which are 
negative, occur with the positive sign. 

In carrying out the calculations we make 
certain further simplifying assumptions. We 
neglect all exchange integrals of unity, and all 
exchange integrals of the energy H except single 
exchange integrals involving two adjacent atoms. 
The single exchange integrals involving adjacent 
a toms, (abcdef j II j bacdef), (abcdef / H / acbdef), etc., 
are represented by the symbol 0:. These integrals 
are seen to be equal in benzene; in naphthalene 
and other aromatic molecules, in which they are 
not all required to be equal by the symmetry of 
the molecule, the reasonable assumption is made 
that no serious error is introduced by giving them 
all the same value. The Coulomb integral 
(abcdef/H/abcdef) is represented by the symbol 
Q. 

Benzene 
The benzene molecule can now be treated very 

simply by the Slater method, with the help of the 
rules formulated by one of us4 for finding the 
matrix elements occurring in the secular equa-
tion. The bonds between the six eigenfunctions 
can be drawn so as to give the independent 
canonical structures shown in Fig. 1. Any other 

OOCD0G 
ABC 0 E 

FIG. 1. The five canonical structures contributing to the 
normal state of the benzene molecule. 

structures that can be drawn can be represented 
by eigenfunctions which are linear combinations 
of the five above. It will be seen that structures A 
and B are simply the two Kekule structures, and 
C, D and E are three different forms of the 
Dewar structure. The Claus cE!ntric structure 
does not belong to the canonical set, but it can be 
represented as a linear combination of canonical 
structures; and the same is true of the Laden burg 
structure if it be considered spread out in a plane, 
as: 

(The Claus structure = A + B - C - D - E; the 
Laden burg structure = A + B - D - E.) 

As can be easily verified, the secular equation is 

(Q- W)+30:/2 HQ- W)+30:/2 HQ- W)+30:/2 HQ- W)+30:/2 HQ- W)+30:/2 

HQ- W)+30:/2 (Q- W)+30:/2 HQ- W)+30:/2 HQ- W)+30:/2 HQ- W)+30:/2 

HQ- W)+30:/2 HQ- W)+30:/2 (Q- W) HQ- W)+30:/2 HQ- W)+30:/2 =0. 

HQ- W)+30:/2 HQ- W)+30:/2 HQ- W)+30:/2 (Q- W) HQ- W)+30:/2 
HQ- W)+30:/2 HQ- W)+30:/2 HQ- W)+30:/2 HQ- W)+30:/2 (Q-W) 

This quintic equation is easily reduced to three 
linear factors and one quadratic factor, the roots 
being -20:, -20:, 0, (-(13)L1)0:, and «13)L1)0:. 
Siqce 0: is negative, the last of these roots, 
«1i3)t-1)0: = 2.60550:, represents the normal 
state of the molecule. The eigenfunction corre-
sponding to this is (before normalizing) if; = if; A 

+if;B+0.4341 (if;c+if;D+if;E). If we had neglected 
the resonance phenomenon and calculated the 
energy for one of the structures A or B, we would 
have obtained the value W' = Q+ 1.50:. Hence the 
extra energy of the molecule resulting from 
resonance among the five independent structures 

4 L. Pauling, J. Chern. Phys. 1, 280 (1933). 
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is 1.1055a. It is interesting to see how much of 
this extra energy is due to resonance between the 
two Kekule structures and how much is con-
tributed by the excited structures C, D and E. A 
simple calculation shows that 0.9a or approxi-
mately 80 percent of the resonance energy comes 
from the Kekule structures alone and only about 
20 percent from the three excited structures. 

In the following paper of this series· a value of 
about 1. 7 v.e. has been found from thermo-
chemical data for the resonance energy of 
benzene. Equating the negative of this quantity 
to 1.1055a, we calculate the value of a to be 
about -1.5 v.e. This value may not be very 
reliable, however, since it is based on the 
assumption that values of bond energies obtained 
from aliphatic compounds can be applied directly 
to aromatic compounds. 

The results of the calculation for benzene are 
summarized in Table I. They are identical with 
those obtained by H uckeI. 

The conclusions we draw regarding the struc-
ture of the normal benzene molecule are the 
following. The principal contributions to the 
structure are made by the two Kekule structures, 
resonance between them stabilizing the molecule 

TABLE I. 

Total Resonance 
energy energy a:b 

Single Kekule structure 
Resonance between two 

Q+1.5oo 0 

Kekule structures Q+2.4oo 0.900 1: 0 
Resonance among all 

1.105500 five structures Q+2.6055oo 1 : 0.4341 

The ratio a : b is the ratio of the coefficient of structures 
A and B to that of the singly-excited structures C, D, and E. 

to the extent of 0.9a or about 1.35 v.e. over a ring 
with three double bonds. In addition, however, 
the excited structures contribute appreciably 
both to the energy (0.2055a) and to the eigen-
function. 6 In a sense it may be said that all 
structures based on a plane hexagonal arrange-
ment of the atoms-Kekule, Dewar, Claus, etc.-
play a part, with the Kekule structures most 
important. It is the resonance among these 
structures which imparts to the molecule its 
peculiar aromatic properties. 

Naphthalene 
With naphthalene the calculation is very much 

more involved. The number of canonical struc-
tures is here forty-two (Fig. 2), so that the 

CPCPCPQDGPQDCIP 
C0tSPQ8CPt:pG()GP 

FIG. 2. The forty-two canonical structures contributing to the normal state of the 
naphthalene molecule. 

5 L. Pauling and J. Sherman,]. Chern. Phys., July, 1933. 
6 The Claus centric structure, an old-Quantum-theory 

analogue of which was sug)<esten several years ago by one 

of us (L. Pauling, J. Am. Chern. Soc. 48, 1132 (1926», is 
found to make a less important contribution to the normal 
state of benzene than do the Kekule structures. 
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energy), and consider only the interaction energy 
of the latter electrons, which may interact with 
one another in different ways. That is, we treat 
benzene simply as a six-electron system with spin 
degeneracy only, and naphthalene as a ten-
electron system with spin degeneracy only. 

Considerable justification for this choice of 
orbital functions and of bond distribution is 
provided by the fact that each of the single 
exchange integrals between a pure p-orbit and an 
orbit in the plane of the ring is positive (arising 
from the e2jrii term in the Hamiltonian only), 
and the chosen distribution of bonds causes these 
integrals to occur with the negative sign in the 
expression for the energy of the molecule, while 
the bonding exchange integrals, which are 
negative, occur with the positive sign. 

In carrying out the calculations we make 
certain further simplifying assumptions. We 
neglect all exchange integrals of unity, and all 
exchange integrals of the energy H except single 
exchange integrals involving two adjacent atoms. 
The single exchange integrals involving adjacent 
a toms, (abcdef j II j bacdef), (abcdef / H / acbdef), etc., 
are represented by the symbol 0:. These integrals 
are seen to be equal in benzene; in naphthalene 
and other aromatic molecules, in which they are 
not all required to be equal by the symmetry of 
the molecule, the reasonable assumption is made 
that no serious error is introduced by giving them 
all the same value. The Coulomb integral 
(abcdef/H/abcdef) is represented by the symbol 
Q. 

Benzene 
The benzene molecule can now be treated very 

simply by the Slater method, with the help of the 
rules formulated by one of us4 for finding the 
matrix elements occurring in the secular equa-
tion. The bonds between the six eigenfunctions 
can be drawn so as to give the independent 
canonical structures shown in Fig. 1. Any other 
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ABC 0 E 

FIG. 1. The five canonical structures contributing to the 
normal state of the benzene molecule. 

structures that can be drawn can be represented 
by eigenfunctions which are linear combinations 
of the five above. It will be seen that structures A 
and B are simply the two Kekule structures, and 
C, D and E are three different forms of the 
Dewar structure. The Claus cE!ntric structure 
does not belong to the canonical set, but it can be 
represented as a linear combination of canonical 
structures; and the same is true of the Laden burg 
structure if it be considered spread out in a plane, 
as: 

(The Claus structure = A + B - C - D - E; the 
Laden burg structure = A + B - D - E.) 

As can be easily verified, the secular equation is 

(Q- W)+30:/2 HQ- W)+30:/2 HQ- W)+30:/2 HQ- W)+30:/2 HQ- W)+30:/2 

HQ- W)+30:/2 (Q- W)+30:/2 HQ- W)+30:/2 HQ- W)+30:/2 HQ- W)+30:/2 

HQ- W)+30:/2 HQ- W)+30:/2 (Q- W) HQ- W)+30:/2 HQ- W)+30:/2 =0. 

HQ- W)+30:/2 HQ- W)+30:/2 HQ- W)+30:/2 (Q- W) HQ- W)+30:/2 
HQ- W)+30:/2 HQ- W)+30:/2 HQ- W)+30:/2 HQ- W)+30:/2 (Q-W) 

This quintic equation is easily reduced to three 
linear factors and one quadratic factor, the roots 
being -20:, -20:, 0, (-(13)L1)0:, and «13)L1)0:. 
Siqce 0: is negative, the last of these roots, 
«1i3)t-1)0: = 2.60550:, represents the normal 
state of the molecule. The eigenfunction corre-
sponding to this is (before normalizing) if; = if; A 

+if;B+0.4341 (if;c+if;D+if;E). If we had neglected 
the resonance phenomenon and calculated the 
energy for one of the structures A or B, we would 
have obtained the value W' = Q+ 1.50:. Hence the 
extra energy of the molecule resulting from 
resonance among the five independent structures 

4 L. Pauling, J. Chern. Phys. 1, 280 (1933). 
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is 1.1055a. It is interesting to see how much of 
this extra energy is due to resonance between the 
two Kekule structures and how much is con-
tributed by the excited structures C, D and E. A 
simple calculation shows that 0.9a or approxi-
mately 80 percent of the resonance energy comes 
from the Kekule structures alone and only about 
20 percent from the three excited structures. 

In the following paper of this series· a value of 
about 1. 7 v.e. has been found from thermo-
chemical data for the resonance energy of 
benzene. Equating the negative of this quantity 
to 1.1055a, we calculate the value of a to be 
about -1.5 v.e. This value may not be very 
reliable, however, since it is based on the 
assumption that values of bond energies obtained 
from aliphatic compounds can be applied directly 
to aromatic compounds. 

The results of the calculation for benzene are 
summarized in Table I. They are identical with 
those obtained by H uckeI. 

The conclusions we draw regarding the struc-
ture of the normal benzene molecule are the 
following. The principal contributions to the 
structure are made by the two Kekule structures, 
resonance between them stabilizing the molecule 

TABLE I. 

Total Resonance 
energy energy a:b 

Single Kekule structure 
Resonance between two 

Q+1.5oo 0 

Kekule structures Q+2.4oo 0.900 1: 0 
Resonance among all 

1.105500 five structures Q+2.6055oo 1 : 0.4341 

The ratio a : b is the ratio of the coefficient of structures 
A and B to that of the singly-excited structures C, D, and E. 

to the extent of 0.9a or about 1.35 v.e. over a ring 
with three double bonds. In addition, however, 
the excited structures contribute appreciably 
both to the energy (0.2055a) and to the eigen-
function. 6 In a sense it may be said that all 
structures based on a plane hexagonal arrange-
ment of the atoms-Kekule, Dewar, Claus, etc.-
play a part, with the Kekule structures most 
important. It is the resonance among these 
structures which imparts to the molecule its 
peculiar aromatic properties. 

Naphthalene 
With naphthalene the calculation is very much 

more involved. The number of canonical struc-
tures is here forty-two (Fig. 2), so that the 

CPCPCPQDGPQDCIP 
C0tSPQ8CPt:pG()GP 

FIG. 2. The forty-two canonical structures contributing to the normal state of the 
naphthalene molecule. 

5 L. Pauling and J. Sherman,]. Chern. Phys., July, 1933. 
6 The Claus centric structure, an old-Quantum-theory 

analogue of which was sug)<esten several years ago by one 

of us (L. Pauling, J. Am. Chern. Soc. 48, 1132 (1926», is 
found to make a less important contribution to the normal 
state of benzene than do the Kekule structures. 
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carbonate resonance energy of 1. 78 v.e. and 
1.83 v.e., respectively. Urea, CO(NH2)2, with 
E=30.78 v.e., and urethane, C2H 50CONH2 , with 
E = 52.79 v.e., have resonance energies of 1.59 
v.e. and 1.89 v.e., respectively. No thermal data 
are available for guanidine. 

THE AROMATIC HYDROCARBONS 

Benzene 
The value of E' calculated for one of the 

Kekule structures for benzene, E' = 6C- H 
+3C-C+3C =C, is 56.58 v.e. The data given in 
Table II for benzene and five other compounds 

TABLE II. Benzene and benzene derivatives. 

Resonance 
Compound Formula E E' energy 

Benzene C6H6 58.20 56.58 1.62 v.e. 
Toluene C6H,CH3 70.58 68.88 1.70 
Ethylbenzene C6H,C,H, 82.90 81.18 1.72 
Propyl benzene C6H,CaH, 95.27 93.48 1.79 

lead to an average resonance energy between the 
two equivalent Kekule structures, together with 

the additional contributions of the three excited 
states,7 of 1.71 v.e. 

The values of E' and E can be estimated from 
their internal consistency to be accurate to about 
±0.1 v.e., the value of 1. 71 v.e. for the resonance 
energy being accurate to about ±0.15 v.e. The 
quantum mechanical discussion of resonance in 
benzene and naphthalene is given in the preced-
ing paper.l 

Naphthalene, anthracene, and other condensed 
ring systems 

Data given in Table III lead to resonance 
energies relative to the usual structures with the 
maximum number of double bonds between 
adjacent carbon atoms of 3.24 v.e. and 3.07 v.e. 
for naphthalene and acenaphthene, 4.54 v.e. for 
anthracene, 4.78 v.e. for phenanthrene, and 6.53 
v.e. for chrysene. These values are roughly equal 
to integral multiples of 1.71 v.e., the value found 
for benzene, the integral factor being in each case 
the number of benzene rings in the condensed 
ring system. The deviations are always in the 
direction of decreased resonance, the ratios for 

TABLE III. Condensed ring systems. 

Compound Formula Structure E 

Naphthalene 92.52 

Acenaphthene 111.95 

Anthracene 126.54 

Phenanthrene 126.78 

Chrysene 161.25 

7 See ref eren ce 1. 

E' 

89.28 

108.88 

122.00 

122.00 

154.72 

Resonance 
energy 

3.24 

3.07 

4.54 

4.78 

6.53 
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• Expérimentalement : il utilise la chaleur de formation du benzène (E) et la compare 
à la somme (E’) des énergies de liaison de 6 liaisons C-H+3 liaisons C-C+3 liaisons 
C=C : la différence est l’énergie de résonance (1.62 eV = 37.4 kcal.mol-1)

Energie de résonance : une première définition de l’aromaticité ?
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On obtient un résultat très 
similaire à partir des 
enthalpies d’hydrogénation !

Molécule cyclohexatriene 
hypothétique

Energie de résonance : une première définition de l’aromaticité ?

Conférence Y. Coquerel



Le benzène et l’approche de Hückel : 
énergie de délocalisation et règle 4𝑛 + 2 (1931)

E. Hückel 
(1896 – 1980)

204 

Q u a n t e n t h e o r e t i s c h e  Be i trgge  z u m  B e n z o l p r o b l e m .  

I. Die Elekfronenkonfigurafion 
des Benzols und verwandfer Verbindungen~). 

Von Erich Hiickel in Stuttgart. 

Mit 10 Abbildungen. (Eingegangen am 28. April 1931.) 

In nicht gesgttigten Ringsystemen spielt die Zahl yon sechs nicht paarweise 
in Einfachbindungen unterzubringenden Elektronen eine besondere Rolle, 
indem sie einen ,,aromatischen Charakter" der Ringverbindungen bedingt. 
Es wird zun~chst das Verhatten yon n solchen Elektronen in einem ebenen 
Ring CnHn nach zwei Ni~herungsmethoden untersucht. Die ,,erste Methode" 
behandelt die Wechselwirkung n so]cher E]ektr0nen im Felde der n CH-Gruppen 
nach dem zuerst yon H e i t l e r - L o n d o n  ftir das H~-Molektil entwickelten Ver- 
fahren, bei welchem in nullter Ngherung jedem Atom ein Elektron in einem 
best immten Quantenzustand zugeschrieben wird. Dies Verfahren wird in der 
von S l a t e r  und B l o c h  fiir Elektronen in Kristallgit tern ausgearbeiteten Form 
angewendet, wobei zur AuflSsung des S~kulaxproblems die zyklische Symmetr ic  
des Ringes ausgenutzt wird. Infolge dieser Symmetric zerf~llt die Gesamtheit  
aller Terme in Termsysteme, welche durch eine Zahl K ~ 0, 1, . . . n -  1 
charakterisiert werden kSnnen. Die Terme sind aul~erdem noch dutch ihre 
Spiegelungseigenschaften und den Wert  s des resultierenden Spins zu charak- 
terisieren. Die ,,zweite Methode" - -  yon B l o c h  fiir die Behandlung yon Elek- 
tronen in Metallgittern ausgearbeitet - -  vernachl~ssigt in erster N~herung die 
Austauschenergien der Elektronen und best immt zuerst im Sinne des Hartree-  
verfahrens die Quantenzustiinde eines Elektrons in einem Kraftfeld yon der 
Periodizit~t des Ringes. Diese Quantenzustiinde sind durch eine Zahl 
k = 0, 1 , . . .  n - - 1  zu charakterisieren. Fiir stark gebundene Elektronen 
]assen sich die zu~eh5rigen Eigenfunktionen dutch Linearkombinationen der 
Eigenfunktionen eines einzeinen Elektrons bei den einzelnen Atomen anniihern. 
Bei der Besetzung der verschiedenen k-Zustgnde mit  n Elektronen ist das 
Pauliprinzip und der Austauscheffekt der Elek~ronen zu beriicksichtigen. Fiir  
jeden dabei entstehenden Term gibt es ein resultierendes K = Z k. Die Terme 
sind aul3erdem durch ihre Spiegelungseigenschaften und durch s zu charak- 
terisieren. Beide Methoden geben ftir n = 3, 4, 5, 6 denselben Grundterm 
(bei n = 4 ist dies nicht ganz sicher). Die erste Methode ergibt pro Bindung 
gerechnet ftir ungerades n e i n e  h5here Energie der n Elektronen als ftir 
gerade n. Die zweite Methode ]gB~ erkennen, dal3 fttr den Grundzustand 
bei n = 6 eine ,,abgeschlossene Elektronengruppe" vorliegt. Das gilt auch dann, 
wenn die Zahl der Elektronen nicht mit  der Ringgliedzahl tibereinstimmt. 
(Beispiel etwa [CoHs]-K+). Diese abgeschlossene Elektronengruppe wird mi t  
dem aromatischen Charakter in Zusammenhang gebracht. Heterozyklische 

1) Habilitationsschrift  zur Erlangung der venia  legendi fiir theoretische 
Physik an der Technischen Hochschule Stut tgar t .  

« Contributions théoriques au problème du benzène
I. La configuration électronique du benzène et des composés 

apparentés », Zeitschrift für Physik 70 (1931) 204

83 pages !



La théorie simplifiée d’Erich Hückel (HMO, 1931)

• Cadre général : systèmes conjugués (simples et doubles liaisons) 
• Approximation majeure : la séparation 𝜎 − 𝜋 

– Les électrons 𝜎 forment un squelette statique. 
– Seuls les électrons 𝜋 sont considérés via les orbitales 𝑝".

• Modèle très simple à deux paramètres α et b (<0) :

• α (intégrale coulombienne) : énergie de l’électron sur un atome C isolé
• b (intégrale de résonance) : énergie d’interaction entre deux atomes C voisins

• Ce modèle simple permet de résoudre les niveaux d’énergie du benzène à la main (!) 
• Les électrons p sont intrinsèquement délocalisés

σ
π

pz



• Energie de délocalisation (ED) : 

Nouvelle(s) définition(s) de l’aromaticité ?

• ED pour le benzène : 

• L’aromaticité est la stabilité , qui résulte de la délocalisation au sein du cycle 

• Energie de délocalisation : l’équivalent en MO de l’énergie de résonance en VB
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• Energie de délocalisation (ED) : 

Nouvelle(s) définition(s) de l’aromaticité ?

• ED pour le benzène : 

• L’aromaticité est la stabilité  qui résulte de la délocalisation au sein du cycle 

• Energie de délocalisation : l’équivalent en MO de l’énergie de résonance en VB

• Conséquence de cette théorie : règle d’aromaticité 

4𝑛 + 2 électrons 𝜋 → aromatique (couches fermées, stable, ED<0)

4𝑛 électrons 𝜋 → anti-aromatique (couches ouvertes, instable, ED >=0)

• Pouvoir prédictif de la règle 4n+2 : synthèse ultérieure de C8H8
2-, C5H5

- , C3H3
+, C7H7

+ 
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Nouvelle(s) définition(s) de l’aromaticité ?
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Aromatique : 4n+2 e-

Antiromatique : 4n e-

Nouvelle(s) définition(s) de l’aromaticité ?

cyclobutadiène benzène



My name is BOND, Valence BOND

VB – MO : une rivalité qui inspire le cinéma (1962)

E. Hückel, alias Dr. MO

CONTRE



• De Kekulé à Pauling/Hückel : des dessins et des calculs… à la main ! 

• Naissance de la chimie computationnelle : J.Pople et W. Kohn (1960-1970)
→	Résolution des équations sans les approximations simplificatrices.
• Méthodes ab initio, théorie de la fonctionnelle de la densité (DFT)
• Chimie quantique moderne : de nouveaux outils pour caractériser/redéfinir 

l’aromaticité

L’aromaticité du benzène : fin de l’histoire ?
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energy), and consider only the interaction energy 
of the latter electrons, which may interact with 
one another in different ways. That is, we treat 
benzene simply as a six-electron system with spin 
degeneracy only, and naphthalene as a ten-
electron system with spin degeneracy only. 

Considerable justification for this choice of 
orbital functions and of bond distribution is 
provided by the fact that each of the single 
exchange integrals between a pure p-orbit and an 
orbit in the plane of the ring is positive (arising 
from the e2jrii term in the Hamiltonian only), 
and the chosen distribution of bonds causes these 
integrals to occur with the negative sign in the 
expression for the energy of the molecule, while 
the bonding exchange integrals, which are 
negative, occur with the positive sign. 

In carrying out the calculations we make 
certain further simplifying assumptions. We 
neglect all exchange integrals of unity, and all 
exchange integrals of the energy H except single 
exchange integrals involving two adjacent atoms. 
The single exchange integrals involving adjacent 
a toms, (abcdef j II j bacdef), (abcdef / H / acbdef), etc., 
are represented by the symbol 0:. These integrals 
are seen to be equal in benzene; in naphthalene 
and other aromatic molecules, in which they are 
not all required to be equal by the symmetry of 
the molecule, the reasonable assumption is made 
that no serious error is introduced by giving them 
all the same value. The Coulomb integral 
(abcdef/H/abcdef) is represented by the symbol 
Q. 

Benzene 
The benzene molecule can now be treated very 

simply by the Slater method, with the help of the 
rules formulated by one of us4 for finding the 
matrix elements occurring in the secular equa-
tion. The bonds between the six eigenfunctions 
can be drawn so as to give the independent 
canonical structures shown in Fig. 1. Any other 

OOCD0G 
ABC 0 E 

FIG. 1. The five canonical structures contributing to the 
normal state of the benzene molecule. 

structures that can be drawn can be represented 
by eigenfunctions which are linear combinations 
of the five above. It will be seen that structures A 
and B are simply the two Kekule structures, and 
C, D and E are three different forms of the 
Dewar structure. The Claus cE!ntric structure 
does not belong to the canonical set, but it can be 
represented as a linear combination of canonical 
structures; and the same is true of the Laden burg 
structure if it be considered spread out in a plane, 
as: 

(The Claus structure = A + B - C - D - E; the 
Laden burg structure = A + B - D - E.) 

As can be easily verified, the secular equation is 

(Q- W)+30:/2 HQ- W)+30:/2 HQ- W)+30:/2 HQ- W)+30:/2 HQ- W)+30:/2 

HQ- W)+30:/2 (Q- W)+30:/2 HQ- W)+30:/2 HQ- W)+30:/2 HQ- W)+30:/2 

HQ- W)+30:/2 HQ- W)+30:/2 (Q- W) HQ- W)+30:/2 HQ- W)+30:/2 =0. 

HQ- W)+30:/2 HQ- W)+30:/2 HQ- W)+30:/2 (Q- W) HQ- W)+30:/2 
HQ- W)+30:/2 HQ- W)+30:/2 HQ- W)+30:/2 HQ- W)+30:/2 (Q-W) 

This quintic equation is easily reduced to three 
linear factors and one quadratic factor, the roots 
being -20:, -20:, 0, (-(13)L1)0:, and «13)L1)0:. 
Siqce 0: is negative, the last of these roots, 
«1i3)t-1)0: = 2.60550:, represents the normal 
state of the molecule. The eigenfunction corre-
sponding to this is (before normalizing) if; = if; A 

+if;B+0.4341 (if;c+if;D+if;E). If we had neglected 
the resonance phenomenon and calculated the 
energy for one of the structures A or B, we would 
have obtained the value W' = Q+ 1.50:. Hence the 
extra energy of the molecule resulting from 
resonance among the five independent structures 

4 L. Pauling, J. Chern. Phys. 1, 280 (1933). 
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L’histoire de l’aromaticité du benzène : une histoire emblématique de la démarche 
scientifique 
• Observations expérimentales : héritage du XIXeme sièle
• Elaboration de modèles et théories : Lewis (paires d’e-), Pauling (VB), Hückel (MO)
• Pouvoir explicatif vs prédictif, qualitatif vs quantitatif des théories
• Confrontation de « points de vue » alternatifs mais complémentaires et finalement 

équivalents… : hybridation, énergie de résonance, délocalisation, 4n+2
• Une histoire non linéaire, accumulation et synthèse de travaux antérieurs
• Une histoire transdisciplinaire : expérimentateurs et théoriciens, chimistes et 

physiciens

L’aromaticité du benzène : fin de l’histoire ?



LEWIS’S LAST DAYS 309

Figure 11-1. Lewis on his seventieth birthday, shortly before his death. Photo by 
Michael Kasha.

Johnston viewed the novel as Lewis’s attempt to make a contribution to the 
war effort.33

And Lewis was still nursing grudges. Bigeleisen tells a story that makes 
it clear that even in 1942, more than twenty years after the spat over the 
“Lewis-Langmuir theory,” Lewis had still not forgiven Langmuir:

Carlos, the chemistry department janitor, neither read nor wrote English. 
Carlos was however a noted philatelist, and was in communication with 
other stamp collectors from all over the world. Each year he would select 
a new graduate student to act as his secretary to handle his correspon-
dence, and I was the most recent one. Carlos was devoted to Lewis, and the 
two of them had become friends. Late at night, Carlos would call me into 
Lewis’s of! ce and show me Lewis’s medals from World War I, which Lewis 
kept in his desk drawer. In fact, Lewis’s of! ce was the only room in the 
chemistry department Carlos actually cleaned—everywhere else, he would 
simply push the dirt around, leaving the room neither cleaner nor dirtier 
than when he had entered. He also mined Lewis’s wastebasket for cigar 
butts, which he would grind up for his pipe. Carlos knew all about all the 

Sur les épaules des géants…


