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ABSTRACT

Taking molecular orbitals in their LCAO form, Mulliken’s ‘Magic Formula’ has been used in
the calculation of covalent bond energy of quinhydrone erystals. It has been concluded that
the covalent energy forms an insignificant part in the overall molecular interaction and only
when there is accidental cancellation of large energy quantities like electrostatic, promotional
and polarization energy, the interaction is governed by weak covalent bonding energy.

Although quinhydrone and analogous molecular compounds have been
well known for many years, the nature of the intermolecular forces has not
yet been thoroughly clarified. According to many physico-chemical in-
vestigations (Schattenstein and Monossohn 1933; Berthoud and Kunz 1938:
Michaelis and Grannick 1944) the following chemical equilibrium

QH=Q+Hq -~

(where QH stands for quinhydrone, @ for quinone and Hgq for hydroquinone)
in water, alcohol and liquid ammonia is always largely shifted to the right-
hand side at room temperature, and the amount of QH is only 6 per cent even
in saturated solutions. Recently some interesting results concerning this
problem have been obtained. Osaki, Matsuda and Nitta (1958) have made the
complete X-ray structure analysis of the quinhydrone crystal. Nakamoto
(1952) observed the dichroism of the visible absorption spectra of quinhy-
drone crystals and found that ¢ the spectrum by the light with the electric
vector abundant with the parallel component to the benzene ring is more
bathochromic and hyperchromic than the one with the electric vector abun-
dant -with the perpendicular component to the benzene ring’. Suzuki and
Seki (1953) determined the heat of formation of quinhydrone from its com-
ponents as 5-39 kcal/mol. by the measurements of the heat of solution. These
recent experimental results led us to make an attempt towards the under-
standing of the origin of binding forces in the quinhydrone crystal. There
may be several explanations:

(i) Ordinary covalent binding, (ii) Ionie binding, i.e. the electrostatic
Coulomb attraction between ions (@*Hq~ or Q" Hq*), (iii) Hydrogen bonding,
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(iv) Dispersive force, (v) Dipole interactions, (vi) Induction forces and (vii)
Charge transfer force. '

The existence of covalent bond is excluded by two facts: () the magnitude
of the interaction energy (5-39 kecal/mol.) i too small to be an ordinary cova-
lent bond energy, and (b) the intermolecular distance, determined by X-ray
method, is much too large for a covalent bond. The ionic binding theory
cannot explain the low heat of sublimation of the compound (43-31 keal).
The magnetic property of the crystal also disagrees with the completely ionized
structure (Banerjee 1939). Regarding hydrogen bond formation, it may be
pointed out that some compounds which have no group acting as proton
donor, e.g. dimethyl hydroquinone, can also form molecular compound with
quinone. Considering the structure of the molecular compound as in Fig. 1,
obtained from X-ray data, it will be clear that a hydrogen bond is unable to
form between two component molecules belonging to two different planes.
As the hydroxyl groups in a hydroquinone molecule lie in the plane of the
benzene ring, it is nearly perpendicular to the line joining the two oxygen
atoms of the quinone and hydroquinone, and in such a structure hydrogen
bond cannot be formed. There may be hydrogen bonding between quinone
and hydroquinone molecules lying in the same plane, but it cannot. explain
the peculiar polarization selectivity of the new absorption band which appears
only in the crystal of quinhydrone. The ordinary dispersive effect need not
be taken into consideration at all, since it cannot explain why compound
‘formation takes place between a pair of specific molecules and also why such a
remarkable change of colour accompanies the process of complex formation.

Breigleib (1937) laid stress on the so-called ‘Dipole-induktions-effekt’ in
interpreting the association of aromatic nitro-compounds and aromatic hy-
drocarbons. He insisted that this dipole-induction effect together with the
dispersive force is the main cause of binding in the molecular compounds.
Fhe dipole-induction effect consists mainly of the force between the dipole of
the carbonyl group of the quinone (about 3-8D) and that of hydroquinone
induced by it and estimated it at about —1-0 keal/mol. On the other hand,
the interaction between permanent dipoles of quinone and hydroquinone is es-
timated to be about 0-8 kcal/mol and almost cancels the energy of attraction
ot the dipole induction. Moreover, the dipole-induction effect cannot ex-
plain the change in the absorption spectrum on complex formation. Finally
we come to the consideration of charge transfer interaction in the explanation
of the binding energy. This interaction explains the change of colour extreme-
ly well (Mulliken 1952). Now the question is can we get a sensible value
for the force from the theoretical considerations. Although ‘extensive work
has been done in recent times on the charge transfer-interactions, noserious
attempt has been made to estimate theoretically the magnitude of charge
transfer force for any system. The reason probably lies in the incomplete
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knowledge of the molecular orbitals of the.participating molecules between
which charge transfer is taking place. Since in the present case the charge
transfer is taking place between the =-orbitals of the two molecules, we may
use Huckel orbitals as a first approximation and use the overlap criterion of
bond strength in estimating the heat of formation of quinhydrone.

CALCULATION OF CHARGE TRANSFER FORCE

Slater and Pauling in 1931 proposed, as a rough measure of the strength
of any bond formed by the two electrons on adjacent atoms, the quantum
mechanical criterion of maximum overlapping of the orbitals (one electron
wave function) occupied by these electrons. Mulliken (1951) proposed a
semi-empirical relation, known as Magic Formula, between overlap integrals
and bond energies which has been found to be valid for a large number of
systems. Mulliken has also theoretically justified this relationship, which
was first proposed empirically, both by valence bond and the molecular orbital
method in the LCAO form. The correlation was between the atomic overlap
integrals and bond energfes. Qur approach in this section follows a similar
line with the exception that molecular overlap integrals have been correlated
with strength of the intermolecular dative bond. The bonding in the
m-complex can be described with a LCAO MO wave function from the highest
half-filled MOs ¢4 and 4,

\/2+zs{¢¢ st .. .. e e (D)

where S is the overlap integral between 4, and ¢, . The factor 5To5
is so chosen that ¥2d- shall represent the probability of finding the electron

in any given small volume dr of space. Hence

J-Yl2d1'=],

that is, the probability of ﬁnding the electron somewhere. The function ¥2is
then a probability function and when multiplied by electronic charge it be-
comes a charge density function for electron. Using (1) we see

¢i+¢§,q+¢¢¢,,q

2 e 1 .. .. .. (2
¥r=1 148 T 148 2)

This divides the total probability or charge density function into three parts
the total magnitude of each of which is obtained by integration’as follows:

. 1 P 1 2 _l_
J.WT=é—mJ-¢¢dT+§—_F2—S'J¢quT+I+SJ¢¢¢quT e (3)
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It is seen that on the average the fraction of /78 of the electronic charge is
in the overlap region. Hence it is expected that the bond energy should be
proportional to 8/1+4S. Further, since the energy of binding in a molecular
complex may be considered as a modification or perturbation of the original
energy of the valence n-electrons, it is to be expected that it should be more
or less proportional to the latter. Now the ionization energy of a n-electron
is a good measure of its energy in the molecule. It is therefore plausible to
write the proportionality factor preceding S/I-+8 in the form A4I. The
bond energy may therefore be written as

_AIs-

D]-—m

)
The quantity 4 is to be determined as an empirical parameter. This ex-
pression has been deduced by Mulliken for the energies of atomization of
molecules, where S refers to atomic overlap. We use it for the estimation of
bond energy between molecules in a molecular crystal and use S as a molecular
overlap integral.

In the case of molecule it has been found that for every non-bonded
pair of electrons of like type, one on each of two neighbouring atoms, there is a
repulsion energy roughly proportional to 82, the square of the overlap in-
tegral of the orbitals occupied by the electrons of such pair. As in the case of
bonded attractions, approximate proportionality to I is again reasonable, and
the non-bonding repulsion term in the energy expression may be written as

ATLS2
D2=-—2{71—;‘~S? .o . . . (5)
For a m-complex we estimate this quantity between all pairs of 7-electrons
on the two molecules not involved in dative bond formation.

We may write the heat of formation of a charge transfer complex as

AIS AI82

=Tis 2o tE-P=W . .. @)

~ AI8—2 2 Al 824+ E—~P—W

D

(since 8 is usually small),

where the first term represents covalent bond energy, second term the non-
bonding repulsion, third term the electrostatic attraction between a positively
and a negatively charged molecule, fourth term represents a promotional
energy, i.e. the energy necessary to bring the molecule into suitable states
favourable for dative bond formation, and the last term represents the po-
larization energy which appears when an electron is transferred from one
molecule to the other.



INTERMOLECULAR FORCES IN QUINHYDRONE 227

Estimation of overlap integral—The molecular orbitals were the conventional
Huckel orbitals formed by the linear combination of 2p, orbitals of carbon
and oxygen. So

T 4B T B
s =f bubdlr = 8u 2Oy -+ - - (D

where 7' and B refer to the topmost filled and lowest empty orbitals, S, refers
to the overlap integral tetween two 2p, atomic orbitals. Since the geometry
of the complex is such that the p-orbitals of the upper molecule (U) is over-
lapping with the p-orbital of the bo‘tom one (L), Fig. 1, the overlap is of a

p,-type and we set it equal to 0-04 for the distance of 3-5A, usual intermolecular
distance in a molecular complex.
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lonization energy.—The ionization energy was calculated as the geometric
mean of the two orbital energies involved. The orbital energies are expressed
in electron volt calculating o« (Coulomb integral) and B (exchange integral)
from the experimental ionization energies of benzene and naphthalene.

Constant A.—Mulliken has found that the atomization energy can be well
represented by his Magic Formula if two different values of 4 are used, one
for o-bond and one for =-bond. Since =-orbitals are making o-type overlap
in quinhydrone, we use the 4o value of Mulliken (1951), i.e. 1-16.

Electrostatic attraction (E).—In order to estimate the electrostatic energy,
the effective positive charge on each atom of positive hydroquinone ion and the
effective negative charge on each atom of negative quinone ion were estimated
from the a.o. coefficients of the filled m.0.8. Then from the geometry of the
9iqs

7i

complex, the electrostatic energy was estimated for all pairs of atoms

and then summed over all atoms to get overall electrostatic energy. As
expected, this energy was somewhat lower than between two point charges.

Promotional energy (P).—In order to bring two molecules into the state of
bond formation one electron from the topmost filled orbital of hydroquinone
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must be transferred to the lowest empty orbital of quinone. The energy
necessary to bring about this state of affairs was estimated from the difference
in energy of the two orbitals involved and was expressed in ¢V the same way
as the ionization energy.

Polarization energy (W).—This is the term which cannot be calculated
theoretically and the considerations of the other properties of the crystal
suggest that the polarization energy may be quite large in crystals.

M.o. calculation.—The molecular orbital calculations on quinones and
hydroquinones were made by simple Huckel method. The Coulombic and
exchange integrals for oxygen and C-0O- bond in quinone were taken as
«+1-2 B and 2 B respectively. The Coulomb and exchange parameters for
oxygen and C-O bond in hydroquinone were set equal to «+4-1-2 8 and 0-8 8
respectively. The eigenvalues and eigenvectors for hydroquinone and three
different quinones necessary for the calculation of intermolecular forces are
given in Appendix I. Converting the eigenvalues into electron volt,
using 6-4 and 3-55 eV for Coulomb and exchange integrals respectively and
using appropriate a.o. coefficients recorded in the Appendix, various terms
in the expression (6) except W were estimated for p-benzoquinone-, 1:4
naphthaquinone- and anthroquinone-hydroguinone systems and are recorded
in Table 1. 1f we assume that for benzoquinone-hydroquinone system
the polarization energy is of such magnitude that Coulombic attraction,
promotional energy and polarization energy add up to zero, then the heat of
dissociation calculated from covalent energy and non-bonding repulsion comes
out to be 3-3 kcal/mol., which compares favourably with the experimental
value of 5-39 kecal/mol. With this contention, in naphthaquinone-hydro-
quinone system the sum of Coulombic energy, promotional energy and po-
larization energy will make a small negative contribution and will thus further
reduce the heat of formation calculated from the first two terms only. In
the case of anthraquinone-hydroquinone system the sum of Coulombic energy,
promotional energy and polarization energy will make fairly large negative
contribution and it appears from the table below that this will practically

TaBLE I

Various energy quantities in molecular compounds: of quinone and hydroguinone

Acceptor Benzoquinone | Naphthaquinone | Anthraquinone
Covalent energy . 0-2973 ¢V 02680 ¢V 02364 ¢V
Non-bonding repulsion .. ~0-1545 —0-1528 -0-1509
Coulombic attraction .. 3-4348 3-2962 31902
Promotionsl energy B -—2:3528 . —2-7630 —3-2734
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cancel the positive covalent contribution. It is expected therefore that the
anthraquinone-hydroquinone complex will not be formed at all.

From the experimental point of view it is known that on mixing a solu-
tion of quinone with that of hydroquinone, crystals of quinhydrone can be
isolated which in solid state show a characteristic charge transfer absorption
in the range of 500 mu—600 mu. A complex can be formed from naphtha-
quinone-hydroquinone solution which in solid state shows characteristic
absorption band at somewhat shorter wavelength. No such complex can be
formed from the anthraquinone-hydroquinone system under these circum-
stances.

CoNcLUDING REMARKS

The conclusions derived from the calculated heat of formation appear to
be substantiated by experimental result. But the whole thing may be purely
accidental, because the calculation is based on certain empirical para-
meters in the m.o. calculation and the results may change drastically by
alteration in the values of m.o. parameters. We can only conclude that in
the present set-up the analysis gives a coherent picture of the stability of
quinhydrone type of complexes. 1t is also clearly demonstrated that, com-
pared to other energy quantities, the covalent part makes only insignificant
contribution. Any important role of the covalent part arises from the can-
cellation of large energy quantities. Where such cancellation does not take
place, covalent part in the binding energy cannot keep the molecules together
in the complex.

ApPPENDIX I

Eigenvalues and eigenvectors for quinones and hydroguinone

Hydroquinone p oH

Energy (B) Symrt;etry Cy Cy Cy

2-23596 828y 0-41483 0-33563 0-32034
1-79376 AgSy 0-40340 0-14439 0-54352
1-14818 Sa8y 0-03890 0-26254 | —0-60052
1-00000 Sedy 0-00000 | 0-50000 0-00000
0-47442 A2y 0-39932 0-27083 | —0-44028
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X
B i T———’
enzogquinone o__Q——-g y
2

Energy {B) | Symmetry Cy CCq C,
3:08354 SzSy 0:43952 0-21095 0-46669
2-88645 A xSy 0-44378 0-11419 0-52629
1-06511 S8y 0-02687 0-41269 | —0-39840
1-00000 Szdy 0-00000 0-50000 0-00000
—0-22522 ASy 0-28170 0-36359 | —0-39531
<
1
i
12
1o 3
Naphthaquinone -
<
Energy (B) | Symmetry Cy Ce Cs Ciz Cn Cio
3-12332 Sz | 0-44848 | (-43129 626312 0-24697 0-09311 C-(4385
2.89737 Az 0-52213 | 0-44312 0-11370 0-12593 0-04769 0-01224
1-93545 Se 0-20254 | 0-07448 0:07962 | —0-34058 | —0-39308 | —0-42020
1-05268 Sz ~0-35622 | 0-02624 0-49808 0:24193 | —0-01349 | —0-25614
1-00794 Az —0-14042 | 0-01348 0-00672 0-28771 0:56421 | 0-28099
1-00000 Sz 0-00000 |  0-00000 0-40825 | —0-40825 0-00000 0-40825
—0-32540 Ag —0-37146 | 0-28332 0-41998 0-23076 | —0-12765 | —0-18922
t
Y
N . L-
Anthraquinone x
-]

Energy (B) | Symmetry Cy Cs Cq Cs
3-15947 SxSy 0-43355 | 0-42477 0-23747 0-08807 0-04078
2-90813 AzSy 0-51788 | 0-44231 0-12526 0-04723 001208
200000 Szdy 0-00000 | 0-00000 0-28868 0-28868 028868
1-87460 °| S=Sy 0-28665 | 0-09669 | —0-19603 | —0-26808 | —0-30652
1-03806 SzSy —0-30054 | 0-02433 0-31317 | ~—0-01241 | —0-32605
1-01519 AzSy —0-19357 | 0-01789 0-20265 0-39049 0-19377
1-00000 SzAy 0-00000 | 0-00000 | —0-35355 0-00000 0-35365
1-00000 AzAy 0-00000 | 0-00000 0-20412 040825 0-20412

—0-44285 A8y —0-34745 | 0-28540 0-28425 | ~0-12703 | —0-22800.
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