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ABSTRACT

The charge-transfer stabilization energy and transition emergy of quinone-hydrocarbon
complexes have been calculated in two ways: (a) by perturbation formuls and (b) by magic
formula. The relative order of calculated values are in satisfactory agreement with experimental
ones.

In a previous paper by Chowdhury and Basu (1961) an attempt was made
to understand the nature of the intermolecular binding forces in quinhydrones.
Quinone forms similar complexes with aromatic hydrocarbons, which are
generally regarded as w-co-ordination compounds (i.e. an electron pair from
n-molecular orbital of hydrocarbon is partially donated to the antibonding
w-molecular orbital of the other component). Recently the absorption spectra
and equilibrium constant of these quinone complexes have been determined
experimentally by the author (1961). These results have led us to make some
theoretical calculations on these complexes, and see how far the econcept of
charge-transfer interaction can explain their stability and spectra. The
calculation is done by applying two methods: (a) Perturbation formula and
(b) Mulliken’s magic formula (1951).

PERTURBATION METHOD

When two atoms come together to form a molecule, there occurs an inter-
action between the orbitals of two atoms resulting in lowering of total energy.
Similarly when two molecules come near to each other, there may aceur an
interaction between filled level of the one and unfilled level of the other re-
sulting in diminution of energy. The lowering of total energy is small, and
can be calculated by perturbation method.

Previously Nagakura and Tanaka (1954) have emphasized that the inter-
actions between the highest occupled and lowest vacant orbitals of benzene
and the substituent group play an important role in the electron migration
effect and light- absorption of substltuted benzenes. . They expressed the
molecular orbital of nitrobenzene as a linear combination of highest filled M.O.
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of benzene and lowest unfilled M.O. of NO, group, and showed that light
absorption causes an intramolecular charge transfer from benzene to nitro-
group. We can extend their method to the case of intermolecular interaction,
and express the molecular orbital of the complex as a linear combination of

molecular orbital of acceptor and donor. The lowering in energy is then given
by the second order perturbation farmula E{IE_—Z—EB, where E is the energy
of hydrocarbon orbital, E, energy of quinone orbital and B’ the resonance
integral of the new co-ordinate bond formed between two molecules.

Let us now consider each term in the above expression separately: (a)
E, and E,, are calculated by straightforward L.C.A.O. M.O. method. The
energies and a.o. coefficients of hydrocarbons are taken from ‘Dictionary of
Molecular Constants’ compiled by Coulson and Daudel (1955). The parameters
used for calculation of quinone orbitals are those of Pullman and Diner (1958).
(b) Calculation of B'—In quinone-hydrocarbon complex the plane of quinone
lies over the plane of the aromatic hydrocarbon, =-orbitals of two molecules
having a o overlap (shown below).

Fia. 1.

'The resonance integral of this interaction is B’. In a first calculation B’ is

assumed to be constant and equal to 0-15 B,_, (where B,_, is the resonance

integral of atomic c—c¢ =-bond) in all the hydrocarbon-quinone complexes.

Actually, however, as Murrel (1959) pointed out the orbitals spread out with

the increase in hydrocarbon size, and the overlap with quinone orbital becomes

less. To take this into account, the two molecular orbitals concerned ¢ and
IB
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i, are first expressed in terms of their atomic orbitals,

8= f o

=f201¢,z:c;¢;df .. .. . RG]

where ¢, and c, are the atomic orbital and a.o. coefficient of atom 1 in hydro-
carbon molecule and ¢; and ci the corresponding terms in atom 1’ in quinone
molecule (see Fig. 1). If we now assume that only the overlap integral,
between an atom and another just above it, is significant (i.e. in Fig.-1 f ¢1¢; T
is zero), then 8 = X¢, ¢; s, where c'1 is the a.o. coefficient of an atom just
above atom 1, and s is the atomic c—c 2p, overlap integral at that distance.
Assuming proportionality between overlap and resonance integral,

B =2ZXoc B, _, .. .. .. .o (©®

where B,__ is the atomic ¢—c resonance integral at the distance between two
partners of molecular complex. B, may be assumed to be 0-15 B _ where
B, _, is the resonance integral at normal c—c distance. Hence

B' =015 cic, Beee. .- .. .. .. 3

The value of B’ determined by above method is admittedly rough, but in
consideration of relative values and order of magnitude this may be tolerated.

REesuLts

In a first calculation, the interaction between highest filled orbital of
hydrocarbon and lowest unfilled orbital of quinone is only considered, and B’
is assumed to be 0-15 B, , in- all the hydrocarbon complexes. The calculated
values are given in the first column of Table I. In a second calculation, the
interaction of two lowest vacant orbitals of quinone with all the filled orbitals
of hydrocarbon is considered, and expression (3) is used for calculation of B'.
The values are given in the second column of Table 1.

Calculation by Mulliken’s magic formula

Mulliken proposed a semi-empirical relation, known as magic formula,
between atomic overlap integrals and bond energies. Here we have applied
the same formula to correlate molecular overlap integral with intermolecular
co-ordinate bond energy. The formula has been discussed in the previous
paper (Chowdhury and Basu 1961) and energy of complex formation can be
written as

’ 2
AIS AIS .- .. €3]
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where A = 1-16, I = geometrical average of two orbital energies involved,
8§ = molecular overlap integral of corresponding two orbitals. In calculation
of the first term the interaction of lowest unfilled level of quinone with all filled
levels of hydrocarbon is considered, and the second term represents summation
of interaction between all filled levels of two molecules. In the above formula
we have not considered ionic interaction E, promotion energy P and polar-
ization energy W, as we believe that there is very little charge transfer in the
ground state of the complex and as such these terms can be neglected in
consideration of ground state stabilization.

In the first section, it has been shown that § == Z¢; 0’1 s where s refers
to overlap integral (c-type) between the 2p, atomic orbital at 3-5 A. This
corresponds to s nearly equal to 0-03.

The calculated energies are given in column 3 of Table I. The last column
of the table gives the equilibrium constants of the complexes.

TABLE I

Stabilization energy of molecular complexes

Perturbation method N
(Bo—c = 35 0.V, Magic Equilibrium

formula constant

1 I (1/mole)
Benzene 2-6 k.cal/mole 2-2 k.cal/mole 3-6 k.cal/mole 0-03
Biphenyl 33 20 4-7 0-28
Naphthalene 35 2-0 5-0 0-31
Phenanthrene .. 3:6 1-9 7-0 0-39
Pyrene .. 4-3 2-0 87 0:45
Anthracene 4-4 2-6 5.9 0-41

It seems that the relative order of stabilization energy calculated by magic
formula is more or less in agreement with the relative order of equilibrium
constants. The magnitude of calculated stabilization energy also seems to be
reagonable. Unfortunately we have no experimental data on heat of forma-
tion of these complexes to make an exact comparison possible. Exact com-
parison, however, will be of little significance, since calculated values depend
on a number of parameters, only a rough estimate of which can be made. The
approximations involved in the present calculation do not allow us to predict

“more than the relative order of stabilization energy of these complexes. The
same is true for the perturbation method. The absolute values in case of
perturbation method are rather low, but can be increased if we choose a highér
value for the ratio of resonance integrals B'/B,_,. The relative order cal-
culated by the first perturbation method is in better agreement with experi-
mental values than that calculated by the second method, though the latter
seems to be a more reasonable one.
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Spectra :

These molecular complexes absorb radiation with simultaneous transition
of an electron from the highest filled orbital of hydrocarbon to the lowest un-
filled orbital of the acceptor. The energy corresponding to charge-transfer
maxima is therefore expected (as a first approximation) to be equal to the
difference between the energies of the two levels concerned. In Table II, the
first column gives the charge-transfer energy, the second column gives the
difference of energy (in terms of 8) between the lowest unfilled quinone level
and the highest filled hydrocarbon level. If we now assume f-= 3:2 e.V.
(which is reasonable) we get a good agreement between calculated and

experimental values.
TasrLE IT

Charge-transfer energy of complexes

Experimental Calculated difference Calculated difference
Donor hy max, of energy of energy (e.V.)
: V) ({:)) (assuming f = 3-2 e V.).
Benzene .. 4-36 1-400 4:20
Biphenyl .. 3-556 1-104 3-53
Naphthalene .. 3-36 1-018 3-26
Phenanthrene .. 3:23 1-005 3:22
Pyrene .. 2:76 0-845 2:70
Anthracene .. 2:67 0-814 2:60

It may be noted that the present approach is somewhat different from
Mulliken’s charge-transfer formulation. While Mulliken expressed charge-
transfer cancept in the formalism of valence-bond theory (i.e. there is linear
combination of two structures), the present approach analyses it from mole-
cular orbital viewpoint and the M.O. of complex is expressed as a linear com-
bination of two orbitals. We, however, come to the same conclusion by both
approaches. '
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