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THE ELECTRONIC STRUCTURE AND
PROPERTIES OF THE σ-BONDS IN
THE MOLECULES OF ORGANIC
COMPOUNDS

N.D. Sokolov

1. INTRODUCTION

The importance of σ-bonds in organic chemistry lies not
only in the fact that most organic compounds do not contain
other types of bond but also in the fact that σ-bonds form
the framework of all molecules in general. Approximately
80% of the energy of formation of aromatic molecules cor-
responds to σ-bonds, their elastic properties are deter-
mined to a considerable extent by σ-electrons, most chemi-
cal reactions are accompanied by the rupture and formation
of σ-bonds, in many instances the sign of the dipole mo-
ments is determined by the σ-electrons, etc.

It is often assumed that the σ-bonds in polyatomic mole-
cules are localised and that their interaction can be ne-
glected. This view is refuted by a large number of experi-
mental facts, for example the dependence of the ionisation
potential of alkanes on the length of the chain of σ-bonds,
the dependence of the position of the electronic absorption
bands in the optical spectra on the length of this chain, the
non-additivity of the dipole moments of halogenated alka-
nes, the hyperfine structure of their nuclear magnetic
resonance (n.m. r.) and electron spin resonance (e.s.r.)
spectra, and many others.

From the viewpoint of quantum mechanics, strictly
speaking, it cannot be assumed that the electronic wave
functions in a molecule are localised on individual bonds
or groups of bonds. Since the molecule is a single unit,
the electronic wave functions should characterise the mole-
cule as a whole. When the LCAO-MOt method is used,
this means that the one-electron wave functions of the
molecule ψϊ should be made up of linear combinations of
the atomic orbitals cpk of all the atoms in the molecule:

•ψί = /, Ctkffk· \1)
k

According to this formula generally speaking in the sta-
tionary state each electron has a finite probability of being
found close to each atom in the molecule. The need to
represent the molecular orbital in form (1) for molecules
with saturated bonds was demonstrated by Walshx in his
interpretation of the electronic spectra of a number of
simple molecules AB2, ABC, AB3, HAAH, H2AB, etc.
Starting from the delocalised molecular-orbital model,
Walsh developed a method by which it was possible not only
to interpret the spectrum but also to predict the geometry
of the molecule in the ground and excited states and also
the vibrational structure of the spectrum, to determine the
selection rules and polarisation of the bands, etc. The
need to use delocalised molecular orbitals of type (1) can
be seen particularly clearly for symmetrical molecules.

t LCAO-MO = molecular orbital approximated by a linear
combination of atomic orbitals.
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The necessary requirement that the molecular wave func-
tion should exhibit the same symmetry elements as the
molecule can in general be satisfied within the framework
of the LCAO-MO method only by means of a linear com-
bination containing the atomic orbitals of all the atomst.

The delocalised character of the molecular orbital does
not in itself mean that changes or perturbations taking place
in one part of the molecule will necessarily influence all
other parts of the molecule. The transfer of an effect
depends on the magnitude of the interatomic and (for satu-
rated molecules) intra-atomic interactions. Within the
framework of the LCAO-MO method, the interatomic inter-
action is characterised by the resonance integral between
neighbouring atomic orbitals, which depends on their
degree of overlap. For a conjugated chain of π-bonds, one
atomic orbital from each atom appears in formula (1), and
all the resonance integrals β are the same; each atom
(except the end members) interacts to the same extent with
two neighbours (Fig. la). For an unbranched chain of C-C
σ-bonds (if for simplicity we neglect the C-H bonds), for-
mula (1) contains two atomic orbitals from each atom (one
from the terminal atoms); each atomic orbital "interacts"
with two neighbouring atomic orbitals, but these interac-
tions are different. For example, let us consider atomic
orbital 2 (Fig. lb). It interacts with atomic orbital 1 of the
neighbouring atom; as before, we denote the correspond-
ing resonance integral by the symbol β. On the other hand,
atomic orbital 2 interacts with atomic orbital 3 belonging
to the same atom; the corresponding resonance integral
can be denoted by β', whose absolute magnitude is less
than that of β.

If the ratio m = β'/β were zero, the C-C bonds in the
molecule would be strictly localised. All its properties
would be additive; the influence of each atom would be
transmitted only to neighbouring atoms. In actual fact
m Φ 0, so that, strictly speaking, additivity of properties
should not be observed in saturated chains. The magnitude
of β' is approximately proportional to the splitting of the
s and £-levels of the carbon atom (i.e. the energy of the
transition s2p2 — sp3). From experimental data for alkane
molecules it follows that m = 0.34 (see for example Klop-
man3)§. The interaction of the σ-bonds, which is taken
into account by the integral β', is called the inductive
effect.

The interaction of σ-bonds depends not only on the intra-
atomic integral β', but also on the resonance integral β",
characterising the overlap of two even or two odd atomic
orbitals of the chain e.g. atomic orbitals 2-4 or 1-3
(Fig. 1). This integral is of the same order of magnitude
as β'; for simplicity, however, the integral β" is ne-
glected.

The fact that \β'\< \β\ is one of the factors which makes
σ-systems differ from π-conjugated systems. Another
reason for this difference, as will be seen later, is that in
an unbranched chain of σ-bonds there are two atomic orbi-
tals for each atom, and not one, as in π-conjugated sys-
tems.

ί A systematic treatment of molecules by the LCAO-MO meth-
od, taking account of all the atomic orbitals, was proposed by
Hoffmann2. See also papers by Clementi21—cf. footnote on
p. 964.

§ Calculations show that the energy and the distribution of
electron density depend only on the absolute value of m (see for
example Yoshimuzi4).

π-orbitalt

σ-crbitalt

c c
Fig.l. Atomic orbitals:
a) in chains of π-conjugated bonds (m = 1;
η = Ν); b) in chains of σ-bonds (m =0.34;
n=2N - 2).

2. ENERGY CHARACTERISTICS

Let us consider the simplest case, an unbranched chain
of Ν linked atoms. For a chain molecule with conjugated
π -bonds, we shall take account of only the π -electrons.
Each atom will then have one p atomic orbital; the number
of atomic orbitals η will therefore equal the number of
atoms N. By setting up the molecular orbitals in form(l),
substituting this expression in the Schrodinger equation,
and solving the appropriate variational problem, we obtain
η energy eigenvalues (see for example Streitwieser5):

= α -f λ;β, i — 1 , 2, . . . , η . (2)

Here a and β are the Coulombic and resonance integrals
respectively, and \% the roots of the corresponding deter-
minantal equation, which are different for different values
of n. The solid lines in Fig. 2 show the arrangement of
eigenvalues for different values of n; ez- = e/ - a. The
upper and lower systems of levels (below and above the
line e -= 0) are fairly far apart for small values of n.
The distance Δ6 between the lower positive and upper nega-
tive levels (the so-called gap width), however, decreases
with increase in n, and tends to zero as η —» °°.

In a chain of σ-bonds, as noted above, we must take
account of two types of integral, β and β'. Calculation4'6»7

analogous to that carried out for π-systems gives for the
energy the same formula (2), but now λ depends implicitly
on m; as before, the number of molecular orbitals ob-
tained is equal to the original number η of atomic orbitals,
but now η = 2N - 2. If we assume the value m = β'/β =
0.34 indicated above, the energy levels obtained for dif-
ferent values of η will occupy the positions indicated by the
broken lines in Fig. 2. The distances between energy
levels with the same sign (+ or -) (Fig. 2) are much smal-
ler than for conjugated systems (m == 1). Moreover, the
gap width Δε decreases with increase in η much more
slowly than for π-conjugated systems, and as η —• °° it
tends not to zero but to a finite value equal to 1.32/3.

Fig. 2 shows the difference between the dependence on
chain length of the total energy for π-conjugated bonds and
for σ-bonds. In the approximation being considered, the
total electronic energy is obtained if in each level, starting
from the lowest, we place two electrons and take the sum
of the energies of all the electrons. We then have Ε =

It is found that all the negative levels (number n/2)

will be doubly occupied, and all the positive levels will be
empty. If we now consider the energy corresponding to
one bond (a pair of electrons), it can be seen from Fig. 2
that the absolute value of this quantity for m = 1 (solid
lines) on going, for example, from η = 2 (ethylene) ton =
4 (butadiene) increases considerably, since the lowering of
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t'O

Ζ η=<4 π=Β η=8 /»=οο

Fig.2. Energy levels for ττ-conjugated chains
(solid lines) and for chains of σ-bonds (broken
lines).

the lower level is much greater than the raising of the
upper level. On the other hand, for m = 0.34 (broken
lines) the lower and upper levels are displaced relative to
the original level (e = -1) by approximately the same abso-
lute amount, as a result of which the energy corresponding
to each bond remains almost unchanged. For larger values
of η the difference in these displacements is even smaller.
This leads directly to the non-additivity of the energy for
IT -conjugated chains and, on the other hand, to the approxi-
mate additivity of the energy of formation of alkanes8;
small deviations from this additivity are observed only for
the first members of the homologous series.

From the foregoing it follows that additivity in energy
of formation does not indicate localisation of electrons on
bonds. As noted above, complete localisation would cor-
respond to m •- 0. Additivity in energy simply results
from the mutual compensation of small effects of opposite
sign.

The quantitative calculation of the deviations from addi-
tivity is much more complex, however. The molecular
model chosen is too approximate to provide a basis for a
calculation with the required accuracy, although many
attempts have been made (e.g. for aromatic compounds9

and alkanes3'7'10). Attention must first of all be drawn to
the fact that the simplest version of the LCAO-MO method
chosen (Huckel's method) does not give one of the funda-
mental properties of chemical bonds, their degree of
saturation (see e.g. Ref. 11, pp. 146, 163, et seq.). This
simplified scheme of calculation would indicate, for ex-
ample, that the approach of two H2 molecules should lead
to the formation of a stable complex H4, since the calcu-
lated energy decreases. In actual fact, on the approach
of two H2 molecules (or in general two covalent bonds A-B),
the energy increases, and this indicates the saturated charac-
ter of the bonds. This result is a consequence of the fact
that in the simplest version of the molecular-orbital method
the calculation is carried out with non-antisymmetrised
functions, and no allowance is made for the interaction of
the electrons with one another. Moreover, in a syste-
matic calculation, all the bonds and all the electrons of the
molecules must naturally be taken into account12'13.

"2 1 δ 8 10 It n·^
(No. of AO)

Fig. 3. Dependence of the relative gap width
on the number of atomic orbitals (AO).

(No. of AO)

Fig. 4. Dependence of the gap width (Δ e) on the num -
berof AOfor βτ= -2.65 eV and m — 1 (lower curve)
and for βο = -6.47 eV and m = 0.34 (upper curve).

S 8 10 12 i«n.J6

(No. of AO)

Fig.5. Experimental dependence of the
absorption frequency on the length of the
molecular chain l s.

I. *V

12J)

11.3

11.0

/as

W02 V 6 β W 12 11

(No. of AO)

Fig. 6. Dependence of the ionisation poten-
tial on the number of AO in the alkane chain.
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The problem of calculating the non-additivity of energy
is most clearly formulated when we compare the energies
of two isoelectronic and isomeric molecules, one of which
has conjugated π-bonds while the other has not. Thus, for
example, for the two isomeric molecules

(A) H2C = CH—CH2—CH = CH2 (penta-l,4-diene)
(B) H3C—CH = CH—CH = CH2 (penta-l,3-diene)

the latter has 6 kcal less energy than the former; this is
usually attributed to the conjugation of the two π-bonds. In
actual fact, however, this difference in energies results
from the algebraic summation and partial compensation of
a number of effects (by itself, the approach of the two v-
bonds on going from A to Β leads not to a decrease but to
an increase in energy!). Thus, for example, the number
of C-H bonds formed by carbon atoms having s£2 hybrid-
isation is six for molecule A and five for molecule B; the
energies of these bonds may differ by 10-20 kcal. Ana-
logous differences are observed in the energies of rupture
of C-C bonds, in the energies of the interaction of different
σ-bonds with one another and with π-bonds, etc. It is only
when allowance is made for all these differences that we
can hope to obtain a correct explanation13 for the above
decrease in energy on going from A to B.

Our initial simple model is adequate, however, for a
semi-quantitative explanation of a number of the properties
of molecules, e.g. the energy of electronic absorption.
Within the framework of this model, the long-wave absorp-
tion band should correspond to a transition from the upper
occupied level to the lower empty level, the distance be-
tween which is equal to the gap width Δε.

This quantity should be directly equated to hv, where ν
is the frequency of the transition. Fig. 3 shows the calcu-
lated dependence of the quantity Δε /β on η for a chain of
π-conjugated bonds (m = 1) and for a chain of σ-Donds
(m = 0.34). The quantity Δε/β decreases much more
slowly in the second instance than in the first. It should
however be remembered that the resonance integrals for
π-bonds (/3π) are smaller than those for σ-bonds (βσ). Thus
for the values βπ = -2.65 eV and βσ = -6.47 eV adopted by
Pople and Santry14, for example, we obtain for Δε the
curves shown in Fig. 4. The similarity between these
curves is greater than for identical values of β.

Fig. 5 gives experimental curves showing the dependence
of hv onn for polyenes (-C=C-), alkanes (-C-C-), and
various other chain molecules containing σ-bonds (-Ge-Ge-,
-Sn-Sn-, and -Si-Si-) according to published data15. The
nature of the dependence of hv on η is analogous to that
expected on the basis of the model being considered. In
each instance values of m and β can be selected which make it
possible to reproduce these curves approximately by cal-
culating Δε. The steep descent of the curve for the chain
of silicon atoms apparently indicates that the correspond-
ing integral β' has a comparatively large absolute value.

According to these calculations, the significant differ-
ence between the electronic spectra of polyenes and linear
molecules having σ-bonds lies in the nature of the v(n)
relationships at large values of n. As noted above, as
η —> oo within the framework of our model, the gap width in
polyenes (Δε̂ ·) tends to zero, whereas for chains of σ-
bonds (Δεσ) it tends to a finite limit of the same order of
magnitude as β. This last feature is a direct consequence
of the fact that β' Φ β. If we had β' = β, then Δεσ would
also tend to zero as η —• °°.

Our model, however, greatly simplifies the situation
for polyenes with large values of n. Here effects which

'wo ias no 11.5 as ι, ev

Fig. 7. Relationship between ionisation
potential and absorption frequency.

go beyond the scope of the model begin to play a part. Thus
it is possible that alternation of bond lengths begins at
large values of η in polyenes, yielding two different reso-
nance integrals for adjacent bonds16; it can be seen from
the foregoing that in such a situation the gap width does not
tend to zero. Moreover, when Δ ε is sufficiently small, the
spacing between the electronic levels reaches the same order
of magnitude as the vibrational quanta, so that the electronic
and vibrational motion, strictly speaking, can no longer be
considered independently. Moreover, with long chains
there may be very significant interaction between the elec-
trons17»18. This factor is apparently the most significant.

The ionisation potential of a molecule in this model is
simply equal to the energy (with opposite sign) of the upper
filled orbital, for which i = n/2 in formula (2):

β. (3)

Fukui and his coworkers10 showed that, with a = -5.85
eV, β ~ -6.36, and m - 0.34, good agreement is observed
between the calculated and experimental values of / (with
the exception of ethane, Fig. 6).

Since both the frequency of absorption and the ionisation
potential are linearly dependent on λη/2, we should expect
a linear relationship between these quantities, and this is
confirmed for the alkanes (Fig. 7). For other classes of
compound there are insufficient published experimental
data to enable us to make a similar comparison of ν and /.

3. ELECTRON DENSITY DISTRIBUTION AND DELOCAL-
ISATION

The distribution of electronic charge in conjugated sys-
tems exhibits characteristic features, resulting from the
delocalisation of the π-electrons. The most remarkable
feature is that, under the influence of a substituent or a
heteroatom, the electron density distribution changes
throughout the conjugated chain, and alternation of charge
is observed. This involves the alternation of the charges
of the atoms with respect to sign or magnitude.

The charges q on the atoms in a polyene chain XC5 (where X
represents e.g. a halogen atom) are given in Fig. 8 (broken
line)6. The "amplitude" of the alternation falls off very
slowly with increasing distance from X. This alternation
of the charges of the atoms does not take place in alkane
chains XC5 (solid line in Fig. 8). The positive charge pro-
duced on the C atoms by the substituent X decreases fairly
rapidly to zero: it is almost equal to zero on the third atom
fromX 6H.

IF In Sandorfy's paper6 the calculations for the σ-chains were
carried out with m = 0.25.
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Fig. 8. Upper—charges on the atoms in
an XC5 σ-chain (solid line) and an XC5

π-conjugated chain (broken line); lower-
"charges" of the atomic orbitals in an
XC5 σ-chain.

It may be noted that, if we were speaking of the charges
not on the atoms but corresponding to individual atomic
orbitals (for polyenes these concepts are the same), we
would find rapidly damped alternation for the latter in a
chain of σ-bonds6 (Fig. 8). The alternation disappears on
passing to the charges on the atoms, since in order to
obtain the latter it is necessary to sum the charges of the
two atomic orbitals of each atom. Even if m - 1, alterna-
tion of the charges on the atoms would not take place in a
chain of σ-bonds in which each atom had two atomic orbi-
tals.

Calculation19 has shown that the negative charge on the
halogen atom X in halogenoalkanes XR increases with in-
creasing length of the hydrocarbon radical R, as a direct
consequence of the delocalisation of electrons along the
chain of bonds. Thus an effect familiar in chemistry is
obtained even with a simplified model which does not take
account of the hydrogen atoms. It is found l9 that this
increase in charge is accompanied by a simultaneous in-
crease in the rate of nucleophilic substitution. Table 1
gives as example values of the charge q* on the Br atom
and of the relative rates of the reaction

RX + OH-->OH + X-

for a number of normal alkanes and isoalkanes.

Knowing the charges of the atomic orbitals of a chain of
σ-bonds and assuming that they are situated at the "centres
of gravity" of these atomic orbitals, we can calculate the
dipole moments of substituted alkanes4. Since the positive

TABLE 1. Charges on the Br atom and relative reaction rates.

RBr

C—Br
C-C-Br
C-C-C-Br

C—C—Br

(/

1*

0.423
0.436
0.440
0 444

Relative rate
of reaction

RX -r OH--»
-v ROX + Χ-

Ι
1.7

45

RBr

C

C-C-Br

C
C

C-C-C-Br

C

q*

0.467

0.487

Relative rate
of reaction
R.X+0H-+
->ROX+ Χ-

10»

-

0M0

0.20

in iZ
n—•

(No. of AO)

Fig. 9. Dependence of the difference in di-
pole moments Δμ = M(XC#H 2 # + 1 ) — μ(Χ0Η3)
on the number of atomic orbitals i.

charge produced on the alkane radical under the influence
of an electronegative substituent X is not localised on the
single carbon atom nearest to X, the dipole moments are
non-additive. The dependence of the difference Δμ =
p(XCi\rH2jv*i) - (̂XCHg) on the number of atomic orbitals
is shown in Fig. 9. 4 The theoretical curves were calcu-
lated for m = 0.34. The dipole moment becomes constant
at η > 6 (Fig. 9), i.e. beginning approximately at substituted
propanes. Thus the delocalised character of the electrons
in monosubstituted halogenoalkanes apparently has a sig-
nificant influence on the charge distribution over not more
than three atoms of the σ-chain.

The example of the halogenoalkanes shows that the dipole
moments of the σ-framework μσ may lead to non-additivity
of the dipole moments for molecules having conjugated 7i -
bonds. Allowance must be made for the fact that the value
of β' is about 30% greater for sp2 hybridisation than for spz

hybridisation. In general, μσ and μη are of the same order
of magnitude; in some instances μσ may even exceed μπ

(for example, according to Berthod and Pullman20, for
pyridine μσ = 1.44 D, μπ = 0.86 D, and μεχρ = 2.23 D).

The change in the calculated charge distribution in a
molecule containing η -bonds, occurring when allowance is
made for the σ-electrons, can be assessed from the ex-
ample of the allyl cation2. The electron density distribu-
tion represented in scheme (I) was calculated in the π-elec-
tron approximation without allowance for the C-H bonds.
Scheme (II) gives the charges on the carbon atoms of the
same cation, determined with allowance for both the π-
electrons and the σ-electrons. It is found that the sign of
the charge on the central carbon atom has changed, and
that the magnitude of the charges on the terminal carbon
atoms has decreased considerably, owing to the appearance
of positive charges on the hydrogen atomst.

+0.04 -0.04

).48
"C
+0.48

C

+0.24
C
+0.24

(I) (II)

f E.Clementi (U.S.A.) reported at the International Symposium
on Quantum Chemistry in Kutna Hora, Czechoslovakia (1967),
that, according to his calculations for polyatomic molecules,
carried out in the self-consistent field approximation with allow-
ance for all the electrons and integrals, the calculated electron
density distribution of conjugated systems changes considerably
when allowance is made for σ-electrons. Some of this work by
Clementi has been published in the Journal of Chemical Physics21.
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v, Mc/s

2 3 « S 6 7 Ν —

Fig. 10. Dependence of the n.q.r. frequency
of the Cl atoms In compounds Cl—[CH2]yy-Cl
on Ν (solid line—experimental, broken line—
calculated).

o.nz

Fig. 11. Bond orders:
a) in a π-conjugated chain for η = 8 (m = 1);
b) in the chain of σ-bonds for η = 8 (m = 0.34).

With symmetrical αω -dihalogenoalkanes the situation is
apparently slightly different from that with monosubstituted
alkanes. Calculations carried out by the molecular-orbital
method for m — 0.34 show that the effective (negative) charge on
the chlorine atoms in molecules of the type C1-[CH 2]JV-C1
show a characteristic dependence on the number Ν of CH2

groups. When Ν > 3, the charges on the chlorine
atoms vary periodically with increase iniST: they are slightly
greater for even values of Ν than for odd values, the dif-
ference amounting to 0.005-0.01 of a unit charge for the
calculated examples with AT = 3-7. This effect is appar-
ently manifested in the nuclear quadrupole resonance (n.q.r.)
spectra22. According to the calculations, the n.q.r. fre-
quency of the chlorine atoms in these molecules is smaller
for ΛΓ = 4 than for Ν = 3 or 5 (Fig. 10). For Ν > 5 the
dependence of the n.q.r. frequency οηΛΓ is apparently more
complex.

As with π -conjugated systems, it is possible to calculate
the bond orders Ρμν for alkane molecules. A correspond-
ing value of ρμν is obtained for each pair of neighbouring
atomic orbitals. For conjugated systems the values of ρμν

alternate along the chain of carbon atoms. The values of
ρμν for octatriene are given in Fig. lla. Many conjugated
systems show parallel changes in the bond orders, bond
lengths, and force constants (see for example Streitwieser 5 ).
According to Konarski's calculations23 the alternation of
ρμν is even more marked for a chain of σ-bonds (Fig. 116);
the low values οίρμν, however, are due to the intra-atomic
interaction, characterised by the integral β'. Thus there
is almost no alternation in the orders of real bonds in satu-
rated hydrocarbons. On this basis it may be expected
that these compounds should show alternation neither of
bond lengths nor of force constants.

4. MAGNETIC RESONANCE SPECTRA AND DELOCALISA-
TION

The experimental data on chemical shifts in n.m.r.
spectra occurring when a substituent or a heteroatom is
introduced into a molecule indicate that their influence is
transmitted for a fairly large distance along a chain of
either π-bonds or σ-bonds.

This influence, associated with delocalisation of elec-
trons, resembles slightly the influence of substituents and
heteroatoms on electron density distribution, but it does
not reduce to this. The magnetic screening of nuclei is
due to the precession of electrons in the external magnetic
field, and in general it depends in a complex fashion on the
properties of the molecule. Measurements of the proton
chemical shifts σπ and calculations of the π-electron
charges for a number of nitrogen-containing aromatic com-
pounds24 showed that the discrepancy between the experi-
mentally observed values of σκ and the values calculated
from data on the it -charge distribution is large: it may
amount to 100-250% and have either sign. This compar-
ison, it is true, made no allowance for the fact that not
only the π-electrons, but also the σ-electrons, are in fact
responsible for the chemical shift. The contribution made
by the σ-electrons of the molecular framework is apparently
fairly large. This follows, for example, from a compar-
ison of σ Η for pyridine and piperidine 24.. The proton chemi-
cal shifts given below were measured relative to benzene
and cyclohexane respectively.

—0.25

+0.15

1—1.29

—0.05

-0.05

—1.2

pyridine piperidine

As in the production of charges by induction, the influ-
ence of the perturbation on the atoms joined by σ-bonds is
rapidly damped, and, in contrast to π-conjugated systems,
the values of σΗ do not show alternation.

One consequence of electron delocalisation in aromatic
compounds is the displacement of the n.m.r. signal from
the protons towards weaker fields under the influence of the
magnetic field of the " ring current". A similar effect, of
small magnitude, is apparently observed with cyclic satu-
rated hydrocarbons. For example, the equatorial hydro-
gen atoms in cyclohexane give an n.m.r. signal which is
displaced slightly towards weaker fields relative to the
signal from the axial protons25. The possibility of the
production of ring currents in rings with alternation in the
magnitude of the resonance integral was examined by
London:J6 in connection with the theory of the anisotropy of
diamagnetic susceptibility in aromatic compounds. He con-
cluded that the magnitude of the ring current is propor-
tional to (β'/β)η/2> i.e. that it is comparatively small.

The indirect spin-spin coupling of nuclei, taking place
through the electron clouds separating them, is one of the
most striking manifestations of the delocalisation of elec-
trons through a system of σ-bonds. This coupling is due
to "magnetic polarisation" of the electron cloud by the
magnetic field of the nuclei. This polarisation can readily
be imagined if we start from the picture of two-electron
bonds interacting with one another. The magnetic field of
the nucleus leads to partial (very small) "unpairing" of the
spins of the pair of electrons in direct contact with this
nucleus. The electronic magnetic moment produced in this
way in turn produces a magnetic moment in the electron
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pair of the neighbouring bond (as a result of the interaction
of the bonds), etc.; the induced magnetic moment of one
of the electron pairs interacts with the second nucleus and
thus leads to magnetic interaction of the nuclei with one
another. If the interaction (β') between the bonds, ex-
amined above, did not take place, indirect spin-spin cou-
pling would not exist.

The energy of the spin-spin coupling is

W = ΚΗΗ/Λ. (4)

where II and I2 are the spin moments of the first and second
nuclei respectively, and/fHH is the so-called spin-spin
coupling constant. Some values of KHH for hydrogen and
fluorine nuclei are given in Table 2.

These data show that conjugation does not always lead to
an increase in/fHH (examples 5-7 in Table 2). The depen-
dence of the absolute magnitude and sign of Km on the
length of the chain of bonds and on the structure is appar-
ently fairly complex. It is possible that in some instances,
the curvature of a long chain allows the terminal atoms to
interact directly with one another.

The simplest example is provided by the interaction of
geminal hydrogen atoms (i. e. hydrogen atoms attached to
the same carbon atom). It has been established experi-
mentally that for these atoms the constant KHH increases
(becomes less negative or more positive) when the H-C-H
valency angle increases. Moreover, the introduction of an
electronegative X atom in the a -position to the CH2 group
leads to an increase UIUCHH (e.g. for ethylene/CHH = +2.5,
and for formaldehyde ΚHH = +4.0). These regular features
can be explained qualitatively as follows27.

Two mechanisms apparently exist for the interaction of
geminal atoms. Firstly, the magnetic moment of the nu-
cleus may induce a magnetic moment in the electron pair
of the CH(1) bond; as a result of the difference in the signs
of the gyromagnetic ratio of the proton and electron, the
direction of this moment will be the same as that of the nu-
cleus (Fig. 12c). The electronic moment of the CH(1)bond
will in turn "polarise" the electron pair of the CH(2) bond,
whose induced magnetic moment will interact with the
second Η nucleus. The moment of the latter (Fig. 12a) is
antiparallel to the spin of H ( 1 ). In accordance with Eqn. (4),
the energy W will be negative (i.e. have a minimum) for the
condition # Η Η > 0- Secondly, we may have a mechanism
in which the magnetic moment of the proton H ( 1 \ as a
result of contact with the electron pair of the CH(2) bond,
directly induces a magnetic moment in this bond (Fig. 126).
Analogous arguments lead to the conclusion that in this
instance the spins of the nuclei will be parallel, andKHH

will be negative.

TABLE 2. Spin-spin coupling constants.

No.

1

2
3

4
5

6
7

8

9

10

11

12

No. of
bonds

2
2

2

4
4
5

5
6
7

5

5
6

Carbon framework of moUcul·

H - C - H (meth«ne)

H—C—Η (cyclopropane)

H—C—Η (ethylene)

H-C—C—C-H

H-C=C=C-H
H—C—C=C-C—Η
Η—G=C-C-C—Η

H-CsC—C-C=C—Η
H-C—C=C—C= C-C-H

F-^ \-F
F—C—C—C—C—F

F — C — C - C — C — C — F

KHH.C/,

—12.4

- 4.0

+ 2.5
7—13

6

+2.7
0.7-1.3

1.3

1.0

11

4,3
1.9

Fig. 12. Indirect magnetic interaction
of geminal hydrogen atoms.

These two mechanisms compete with one another. The
first is determined by the magnitude of the exchange inte-
gral β', which, as noted above, depends on the energy of
the s-p splitting in the carbon atom, and the second is
determined by the magnitude of the exchange integral be-
tween the atomic orbital of the H(1> atom and the atomic
orbital of the carbon atom of the second bond. With in-
crease in the s -character of the hydridisation of the carbon
atom, the absolute magnitude of the integral β' increases1 4

by 33%— p(sp3) = -2.45 eV, j3'(s£2) = -3.27 eV—whereas
the absolute magnitude of the second integral decreases,
because of the increase in the valency angle. Thus it is
to be expected that if HH will increase, i.e. will become
more positive, and this is confirmed experimentally (see
examples 1 -3 in Table 2). The attachment of an electro-
negative atom X to the carbon atom will lead to a decrease
in the population of the C-H orbitals and hence to a de-
crease in the negative contribution from the second mech-
anism: i.e. it will lead to an increase

A semi-quantitative treatment of these effects was put
forward by Pople and Bothner-By27. There is as yet,
however, no completely satisfactory theory of spin-spin
coupling in molecules.

Electron delocalisation is revealed in e. s.r. spectra in
the presence of a hyperfine structure from not one but
several nuclei. The hyperfine structure of e.s.r. spectra
is due chiefly to " contact" spin-spin coupling of the un-
paired electron with protons or other nuclei having spins
differing from zero. This interaction is possible as a
result not only of the actual delocalisation of the unpaired
electron but also of spin polarisation of the electron cloud,
similar to the polarisation examined above, causing in-
direct spin-spin coupling of nuclei. It follows from the
e.s.r. spectra of alkyl radicals28»29 that the hyperfine
structure is due not only to hydrogen atoms which are
attached to a- and β -carbon atoms, but also to those on
y-carbon atoms. This means that in the e.s.r. spectra of
these radicals the delocalised character of the unpaired
electron influences atoms which are separated by three
σ-bonds from the " mother" carbon atomt.

ί The e.s.r. spectra show another extremely characteristic
manifestation of delocalisation of the impaired electron, which is
observed in the spectra of organic radical-anions consisting of
two aromatic rings joined by a bridging group. Here, however,
the delocalisation does not take place through a chain of σ-bonds
and is apparently due to π-σ conjugation, so that this effect
lies beyond the scope of the present review30"35 (the theory of
the effect has been examined by a number of authors3 6"3 8).
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This analysis of the electronic structure of molecules
of saturated hydrocarbons confirms the view that in the
theoretical examination of these molecules, as in π-con-
jugated systems, it is necessary to use delocalised mole-
cular orbitals. The delocalised character of a molecular
σ-orbital is reflected in the properties of the molecules
much less strongly, however, than with a molecular u-
orbital, as a consequence of the fact that, in contrast to
π-conjugated systems, not all the resonance integrals in a
chain of σ-bonds are equal. The intra-atomic resonance
integral β', characterising the interaction of the σ-bonds,
is smaller than the interatomic resonance integral β, re-
sponsible for the formation of the σ-bonds themselves.

The delocalised character of the σ-electrons is reflected
to varying extents in different properties of saturated
hydrocarbons. It has almost no influence on the energy of
formation, which can therefore be calculated by an additive
scheme. The delocalised character of the σ-electrons has
a significant influence on the positions of the electronic
absorption bands, the ionisation potentials, the electron
density distributions, and in particular the dipole moments
of the molecules. As a rule, however, the influence of
electron delocalisation on these properties does not extend
over more than 3-4 atoms in the chain of σ-bonds. It
extends over a large number of atoms, for example, in the
spin-spin coupling in n. m.r. spectra, because of the high
sensitivity of nuclear magnetic radiospectroscopy.

The influence of delocalisation of σ-electrons is more
marked in conjugated systems than in saturated molecules,
since the intra-atomic exchange integral β' is 30% greater
in these bonds than in saturated molecules. Thus, in the
study of the transmission of the effect of structural changes
along a chain of bonds in conjugated systems, it is neces-
sary to make allowance not only for the part played by
τι-electrons but also for that played by σ-electrons.

The calculations of the properties of chains of σ-bonds
given above are of course greatly simplified. They are
based on the simplest version of the one-electron approxi-
mation, and a number of additional, strictly speaking
unjustified, assumptions have been made. These include
neglect of the integral β" mentioned above, neglect of the
C-H bonds, etc. In the treatment of comparatively simple
properties such as the dependence of the ionisation potential
on the length of the chain, appropriate refinements in the
calculation would make it possible to obtain quantitative
results, but should not alter significantly the qualitative
picture obtained. For such complex properties as e.g. the
spin-spin coupling of nuclei, however, comparatively ex-
tensive approximation is necessary in order to obtain even
qualitative results. Thus the above interpretation of the
indirect interaction of nuclear spins is based on more
refined calculations than the treatment of the ionisation
potentials or dipole moments.
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