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On the Description of Molecules

I. Introduction

The idea of electrical charge in molecules is a very old one. Since it has always been
connected with the general theory of molecules and of chemical reactions, its
history reflects the same changes in perspective.

As a result of his discovery of electrolysis, Davy built a theory around the idea
that chemical combination resulted from electrostatic attraction between electri-
cally charged particles, the electrical charge appearing when the particles came
together 1). Berzelius developed this idea in 1819 and proposed a general theory
of reactions, according to which the charges were already present in atoms 2 and
every atom had both electricities, positive and negative, more or less concentrated
around the poles. This led him to classify the elements according to their prevail-
ing electrical state, positive or negative: oxygen, chlorine, etc. were negative;
hydrogen, the metals, etc. were positive.

This theory was strongly contested by Dumas and his school, who showed in
1834 that a chlorine atom, which should have been negative according to Berzelius,
could replace a (positive) hydrogen atom in molecules as acetic acid or the hydrogen
carbides 3. A great controversy followed, the chemists being divided into two
camps: those interested in the so-called mineral molecules, partisans of the
electrical theory of Berzelius, and those who studied the so-called organic molecules,
for which Dumas theory of substitution seemed necessary.

This unsatisfactory situation lasted till the end of the nineteenth century,
when the electron was discovered 4 and the structure of atoms clarified. Now
chemistry entered a new era. The old intuitive idea of affinity between atoms was
replaced by the idea of affinity of atoms for electrons. Each atom was character-
ized by its attractive or repulsive power for electrons 9. It followed that in a
molecule, if two atoms had a different attractive power, the binding between
these two atoms was polar, even if the molecule was not completely ionized 6.
At the same time the idea was slowly forced upon chemists by experience that all
reactions must be preceded by ionic dissociation of molecules, the polar bonds
dissociating of course more easily than the non-polar bonds 7.

Finally, about 1920, Lewis explicitly attributed the formation of bonds to
electron pairs, and thus completed the general description of molecules ®; he
introduced the distinction between homopolar or covalent and ionic bonds.

This way of viewing molecular structure and chemical reactions bridged the
two opposing theories of Berzelius and Dumas. Its success was extraordinary, as
is well known 9. For instance, hydrolysis of methyliodide was explained by
dissociation of water in ions H* and OH-, followed by replacement of iodine
(negative) by the OH~ ions:

CZH;I— + Ht OH-——> C2; H5 OH + HI

But this theory proved useful mainly in the field of addition reactions: for
example, for the carbonyl group, the sites of addition of asymmetric reactants
could be predicted from the signs of the ions into which they dissociated and from
the polarities, negative for oxygen and positive for carbon, which resulted from

3
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their different power of attraction for electrons. The double bond of CO took the
ionic form C+tO~:

CN
>C=O—|— e T + CN_——>>C

i
/N HY AN

o~ OH

Experiments showed on the other hand that a hydracid molecule could be
fixed by an asymmetrically substituted C=C double bond with a well defined
orientation (Markovnikow’s rule) 19. Hydrogen was directed to the more sub-
stituted carbon atom. This fact was explained by the polarization

R H

Ner_ oo/

/ N

H H

of the double bond. By analogy with the carbonyl group, it was possible to con-
clude that the most substituted carbon atom was the one least rich in electrons.

In the same way the orientation rules for the second substitution on the
benzene ring 11 found a simple explanation if alternant polarity on the ring was
assumed 12 to result from the electron-attracting or -repelling power of the first
substituent. For example,

Cl Cl

A _cl
'
. . rarar — O

A fundamental remark must be made at this point. If it is so that charges
direct an electrically charged reactant towards certain points of a molecule when
an ionic process takes place, the approach itself of a reactant changes the initial
charge distribution in the molecule because of the electrical field it creates. This
is the polarization phenomenon. It follows, for instance, in the case of the carbonyl
group mentioned above, that if the negative charge situated in the neighborhood
of the oxygen nucleus attracts the H+ ion, and the positive charge of carbon
attracts the CN—ion, without the effect of the field created by this ion, the negative
charge of oxygen will decrease to complete ionization (Ct+ — O~) when at least
one of the two ions H+/CN~- is sufficiently close. If the charges present in the
isolated molecule are sufficiently large, their value will determine the point of
attack; this is produced for instance for the methylation of azulene by ICHjz. The
CH3 ion will come on carbon 1 (or 3) 13 which is strongly negatively charged 19.
Under the action of the field created by CH3, a —1 charge will appear at that
point. On the other hand, in a molecule such as naphtalene, where the net charges
are very weak 19, the point of attack of a positive ion (SOgH* for instance) will
be conditioned by the ease with which a -+ 1 charge appears on the « position 16).

Another example is provided by pyrrole 1?. When an ionic process takes
place, the charges are clearly not the only factor. In addition, it is well known

4



On the Description of Molecules

today that several reactions exist which do not take place according to an ionic
mechanism: the Kharash effect 18), 7. e. the fixation of a molecule of hydracid on a
double C=C bond in the opposite sense of that predicted by the Markovnikow
rule, the substitution reactions by chlorine in saturated hydrocarbons, etc.
Nevertheless, the notion of electrical charges present in the isolated molecules
retains a great interest for the chemist in interpreting a large number of reactions.

It is also interesting to note that, parallel to the researches of chemists,
physicists also have been interested in the problem of charges in molecules, but
in a global form, and had in fact succeeded in obtaining important results.

Considering a molecule as equivalent from the electrostatical point of view to
a dipole, which could be polarized under the effect created by its neighbors,
Mosotti and Clausius, and independently from each other Lorentz and Lorenz 19,
obtained the general connection between the dielectric constant of a substance in
the gas state and its dipole moment:

orT e+2  wn2+2) 4

4N, (a—l nz—l) M

Later, Onsager generalized this equation by extending it to the case of liquids
20). As a result of the work of Debye who in 1912 formulated the principle of
experimental determination of electric dipole moments 21), several results were
obtained. Nevertheless, the chemists had no way of extracting the values of the
electrical charges whose association was suggested by the existence of a dipole
moment.

Parallel to these studies, the study of real gases had led to the introduction of
interaction forces between molecules, responsible for the differences between real
fluids and perfect gases. These forces could be attributed to an electrostatic
origin: dipole force, polarization and orientation effects 22).

Thus, the non-uniform repartition of positive and negative charges in a
molecule was a well-established fact. The crucial problem remained of determining
their exact distribution. Two important results were nevertheless obtained: one
quantitative result, the value of the dipole moment, the other only a qualitative
but equally important result, the signs and the relative order of charges situated
in the neighborhoods of different nuclei. To go beyond that, it was necessary to
have recourse to a theory capable of successfully attacking the problem of mole-
cular structure itself. This was the role of quantum mechanics.

II. Description of Molecules According to Quantum Mechanics

A. Quantum Theory

Without entering into details, it is necessary to recall the general characteristic
methods of Quantum Mechanics in order clearly to understand the problem to be
solved 23). ‘

The idea of trajectory in the classical sense of particles forming the system is
not introduced. All the information available on the motion of particles is reduced
to knowledge of a function of the coordinates of the particles and of time—called

5
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wave function associated to the system: ¥(g,?). The square of the absolute value
of this function, |¥|?2, represents the probability of finding the particles in the
points of coordinates ¢, at the time £. In an isolated system with a well defined
energy, this probability does not depend on time, but only on the coordinates g.
The system is then declared to be in a stationary state.

Our experiments refer necessarily to a large number of systems, atoms or
molecules. As far as they can be considered as independent systems, 7.e. as having
the same characteristics, the result of a measurement made at the macroscopic
scale will give the average of the results which would be obtained by carrying out
a very large number of microscopic measurements after a single system. It follows
that in a molecule the square of the modulus of the wave function associated with
the electrons will be interpreted as giving the density of a continuous repartition
of negative charge. This is what we call the “electron cloud”. The dynamic model
is replaced by a static model.

The wave equation ¥ is a solution of the partial differential equation of
Schrodinger 24). The construction of this equation makes use of a mathematical
formalism which we shall not treat here. '

In principle, owing to its generality, the Schrodinger equation contains the
solution of all problems of molecular structure. Unfortunately, it is only integrable
in a few special cases, the hydrogen atom for instance.

Thus, in general, one must be content with approximate solutions.

B. Application to Molecules

The specific case of molecules lends itself to a first important simplification. In
fact, the very large difference between nuclei and electrons allows reduction of the
problem to electrons only. More precisely, the wave function can be determined
to describe the electrons for every geometrical configuration of the nuclei. This
is the Born-Oppenheimer approximation 25. The knowledge of the purely elec-
tronic wave function allows calculation of the total molecular energy including the
repulsion energy of the positive nuclei. In general this energy is at a minimum
for a particular arrangement of the nuclei. This is the equilibrium geometry
around which the molecule will vibrate. Neglecting vibrations, we shall assume
in the following that the nuclei are fixed in their equilibrium positions.

The study of the Hy molecule 26) showed that, in agreement with the prophet-
ical ideas of Lewis 8), the two electrons of that molecule do in fact pair together
and the resulting electron density is concentrated between the nuclei. Generaliz-
ing this result, it is reasonable to try to describe in general a molecule in terms of
electron pairs. In the Hs molecule, with a good approximation, one can describe
each of the two electrons by the same spatial function, 7.e. assign to each electron
the same spatial distribution of the charge. The energy obtained under this as-
sumption is actually little different from the exact value 27). By extrapolation, in
a general molecule, each electron of every pair will be assigned a space function,
the molecular orbital, the two electrons of a given pair being described by the same
space function (they will differ only by their spins).

6



On the Description of Molecules

This simplifying assumption allows construction of a spatial wave function
describing all the electrons of a molecule, having an even number of electrons, in
the ground state, in the form of a determinant 28):

2. .. (1)

Here, 7 is the number of electrons, the ¢;’s are the space functions, and « and
f are the functions associated with the electron spin. (The choice of the structure
of the determinant is imposed by a general theorem of quantum mechanics, which
says that the wave function must change its sign when two electrons are inter-
changed). We leave aside the case of molecules whose levels are not doubly oc-
cupied, viz. radicals 29,

The problem is thus reconducted to the determination of the various functions
@i A well-known procedure consists in expanding these functions in a basis of
conveniently chosen functions 39:

@i = D Cir fr (2)
r

The coefficients ¢;r thus introduced are determined by a variational calculation
so as to minimize the energy of the system.

The choice of the basis functions yx, is rather arbitrary. Different types of
functions have been proposed and discussed 31). We shall not consider this delicate
problem. A current choice is to take the functions or afomic orbitals associated
with electrons in the isolated atoms. For simplicity, we shall take the latter in
their real forms.

It is quite obvious that the greater the number of y, functions used, the better
the representation (2) of molecular orbitals will be. However, in practice, only a
relatively small number of functions y can be introduced. The experience of
calculations shows that in general a good approximation is obtained if the atomic
orbitals used correspond to the energy levels populated by electrons in the atomic
ground states 32):

1s for H; 1s, 25, 294, 2py, 2., for first-row atoms, etc.

Once the basis functions have been chosen, explicit determination of the ¢’s
is only a matter of computation. The classical method is Roothaan’s self-con-
sistent-field (S.C.F.) 33), which modern computers make easily applicable.

C. Electron Density in a Molecule

Knowledge of the wave function y permits calculation of the various quantities
which characterize the molecule. In particular the total electron density appears

in the form:
0® =2 iZ @2 )

the factor 2 coming from the fact that each orbital ¢; is associated with two
electrons.
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This expression shows that the contribution to the total density of the pair
described by the molecular orbital ¢; is 2¢;2. Knowledge of the total electron
density in every point of space permits the calculation of the center of gravity of
the electron cloud. As the position of the center of gravity of the positive charges
of the nuclei is easily calculated, the electric dipole moment of the molecule can
be immediately derived. On the other hand, the charges as postulated by chemists
do not follow directly, for it is not possible to identify a discrete set of charges
with the continuous distribution given by calculations.

Another difficulty arises from the quantum representation. Strictly speaking,
the electronic cloud extends to infinity, so that a reactant attacking the molecule
is never situated outside the electron cloud, 7.e. outside the molecule. However,
owing to the rapid decrease of the electron density as the distance from the nuclei
increases, it is justified in practice to assume that the electron cloud is contained
in a well-defined finite volume V having dimensions of the same order as the inter-
nuclear distances. For instance, 999, of the electron cloud of the Hy molecule is
located inside a revolution ellipsoid with axis 4.5 and radius 1.6 A. The picture of
the molecule as a finite size object, as viewed in classical chemistry, is thus justi-
fied even though it is only a very good approximation. The fact that the electron
cloud extends to infinity does not produce mathematical difficulties concerning the
definition of the electrostatic potential created at any point of space. In fact, the
potential created in its center by a charged sphere whose charge density is every-
where finite (|o| <|em|) and of the same sign, tends to zero with the radius a of
the sphere:

[
V=f M4:11/2611'<|gm|27zczz.
o 7

III. Equivalent Multipoles

As has been mentioned, the electrostatic potential created by the molecule plays
an important role in the ionic reactions as well as in molecular interaction phen-
omena. As the problem has been presented and discussed in detail in an article
recently published in this series 34, we shall not discuss it here.

It is quite obvious that the best representation of this potential consists in
constructing contour lines maps (Figs. 1, 2). Such pictures are often very effective,
but have the limitation that several sections are necessary to represent the poten-
tial in space, and they do not lend themselves easily to further calculations. These
diagrams, sometimes not easy to interpret, will be discarded by the chemist in
favor of a more tangible and familiar description, based on point charges and
electric multipoles, especially dipoles. The problem is then to reproduce as well as
possible the electrostatic field created by the molecules by means of these point
charges and these dipoles.

A. General Expression of the Electrostatic Potential Created by a Molecule

The potential created by a molecule is completely defined by the charge density
values in every point of space. This density may be written:

o(M) = — ¢*(M) + > Nx 6(M — K) (4)
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where g€ (M) is the electronic density at point M, defined by the vector M, Ng is
the positive charge of the nucleus whose position vector K, and ¢ is the Dirac
distribution.

In the following, we shall always assume that the nuclei are fixed. It is well
known that the molecule is actually in a perpetual state of vibration, the nuclei
oscillating around equilibrium positions corresponding to the minima of energy.
We shall suppose that the nuclei are fixed in these positions and we shall define
the coordinate system Oy, with reference to them.

H,0

Fig. 1. Electrostatic potential-energy map for H2O in the molecular plane 34. Values are
expressed in kcal-mole

H,0

Fig. 2. Potential-energy map for H2O in the symmetry plane perpendicular to the molecular
one 34
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The potential created at a point P situated at a distance R from the origin
(OP =R), in the direction specified by cosines «, f, 7, may be expanded to the
powers of R—1 according to the classical expression:

1 1
Ve(R;,B,y) = Ef odv + =5 [af oxdv + ﬂf oydv + yf gzdv] (5)
2R3

+ L[azfg(sz—yz—zz)dv—{— 5% +6aﬂfgxydv + ]+

(the integrations being taken over the whole space).
The term in R-(+1) of Eq. (5) corresponds to the potential created by a
multipole of order 27.

M(x,y,2)
VAN
-,
~
/ S p
/ P(R;«, B,7)
/
/
/
/
//
/ R
/
/
/
/
/
/
7
o %

Fig. 3. Notation for the expansion of the potential

B. Study of Multipole Expressions

The expansion Eq. (5), taken in its entirety, is evidently valid regardless of the
origin or the orientation of the chosen axis. But it is essential to keep in mind that
the various integrals depend on the choice of the reference system: To see this we
perform for instance the translation defined by:

x>x=x2x—X,y>y=y-Y, 2> =2—-27.
Then, [oxdv becomes [px'dv = [oxdv — X[pdv, and similar formulas hold

for y and z. Thus, if the total charge fodv does not vanish, the dipole components
foxdv,. . ., are not invariant upon translation.
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