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1. INTRODUCTION

The modern theory of the electronic structure of
molecules with conjugated bonds has had significant
achievements in the qualitative and quantitative explana-
tion of the properties of such systems. The possibility of
applying semiempirical methods in order to explain and
predict the properties of small molecules has been
examined in reviews 2, For large molecules (polymers),
the employment of the usual quantum-chemical methods
becomes impossible mainly owing to the large amount of
computational work involved. On the other hand, methods
usually employed in statistical physics and in solid-state
physics are effective in such systems.

Large molecules have properties which their individual
units or components do not possess3, Some of these
properties are associated with the mechano-statistical
properties of the macromolecular units joined together in
succession and others are due to the continuous conjugated
system or the appearance of long-range order. Irregu-
larity of structure, defects, and heteroatoms have a con-
siderable influence on the observed properties of large
molecules and hinder their explanation.

In the present review, we shall consider the achieve-
ments and difficulties encountered in semiempirical
theories when an attempt is made to explain and predict
special properties (optical, magnetic, etc.) of long mole-
cules of polymers with conjugated bonds (CBP). As for
small molecules with conjugated bonds, the theoretical
analysis of the properties of CBP macromolecules is based
on the m-electron approximation using the corresponding
model Hamiltonians 12,

Interest in long molecules with conjugated bonds has
recently increased sharply after the work carried out by
Little 4, who put forward the idea of synthesising on the
basis of CBP an organic superconductor having a high
critical temperature. These hopes were not fulfilled

because CBP possess properties quite different from those
postulated by Little. However, the idea of using organic
compounds, one-dimensional and quasi-one-dimensional
systems, in order to obtain substances with unusual
properties is extremely fruitful. This is confirmed by

the detection of metallic conduction in complexes of
tetracyanoquinodimethane (TCNQ) with tetrathiafulvalene
(TTF), N-methylphenazine (NMP), and alkali metals, for
example TCNQ~-TTF, NMP-TCNQ, Rb-TCNQ, etc. where
the conduction is strongly anisotropic and takes place along
stacks of TCNQ and acceptor species$®, Stacks of identi-
cal molecules are weakly bound to one another, which
makes it possible to employ for the analysis of such sys-
tems the same models as for CBP macromolecules. How-
ever, we may note that charge transfer in these donor-
acceptor crystals leads to the need to take into account the
Coulombic interaction throughout the bulk of the crystal.

It has been found that the Coulombic energy of the crystals
or the Madelung energy influences significantly the nature
and degree of charge transfer from the donor to the
acceptor "%, complicating the overall physical picture.
Nevertheless, one-dimensional systems manifest their
characteristic properties in any situation.

The unusual properties of CBP or quasi-one-dimen-
sional systems are the first consequence of the “unidimen-
sionality” of these systems. Naturally all such systems
consist of three-dimensional atoms or molecules, so that
the macromolecules or molecular stacks possess not only
length but also “width” and “thickness”. However,
electrons or excitations (electronic or vibrational) in such
systems can migrate only along a chain of atoms or a
stack of molecules, Thus the motion of electrons or
excitations is one-dimensional and in this sense the
corresponding systems —macromolecules, chains of
atoms, and stacks of molecules—-are one-dimensional or
quasi-one-dimensional. The prefix “ quasi” emphasises
that the systems are in fact three-dimensional, although
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their most significant physicochemical properties are
associated with the one-dimensional motion of electrons
and excitations.

The limitations imposed on the number of spatial
dimensions in which electrons or excitations can migrate
diminish the number of possible situations and, in terms
of the language of statistical physics, alter the phase
volume. For example, when one electron is scattered by
another, the electron moments before and after the col-
lision are located on the same straight line. This finding
permits the exact solutions for certain models of one-
dimensional systems, since it is possible to recalculate
all possible situations arising in the interaction of elec-
trons.

The unidimensionality of the system leads to the
appearance of interesting properties, which are much
more rarely encountered in three-dimensional systems.

A comparatively small number of quasi-one-dimensional
systems, which manifested their unusual properties, as
it were, at random, have so far been investigated. Now
that the relation between the quasi-unidimensionality of
the systems and their unusual properties has been under-
stood, the problem arises of a purposeful search for and
synthesis of quasi-one-dimensional systems and of the
investigation of their properties. In the solution of this
problem, theoretical ideas formulated at the present time
will prove useful. They are in fact the main subject of
the present review in relation to CBP macromolecules,

One-dimensional models have been fairly widely inves-
tigated in the theory of the condensed state of matter to test
various theoretical constructions and approximations.
Starting with the work of Bethe®, Hulten'’, Orbach!!, and
others 12513 the investigators of one-dimensional models
have been attracted by the possibility of obtaining exact
solutions, so that these studies were in the main of
methodological interest. However, the number of real
one-dimensioal systems started to increase recently.
Numerous CBP have been synthesised 4717 and organo-
metallic compounds with chains of metal atoms 18s1° and
charge -transfer complexes based on TCNQ5~8:2° have
become available, Intensive investigation of the proper-
ties of polymers has begun; in particular the —(SN)p~
polymer has been found to exhibit superconduction, albeit
with a fairly low critical temperature (7 = 0.3 K).2* How-
ever, we may note that it became clear very soon that the
polymeric sulphur nitride is not a quasi-one-dimensional
crystal owing to the significant contribution of interchain
interactions 22,

In the study of the properties of real quasi-one-
dimensional systems, both the most rigorous and
approximate methods have been used. The old theoretical
results, which were seemingly obtained in the course of
purely academic research, unexpectedly provided a key to
the explanation of the properties of macromolecules which
had been previously rejected, The sudden success of the
theory can be explained or, more correctly, is associated
with fairly general features of the development of modern
science. On the one hand, physical chemistry accumu-
lated numerous interesting facts about the properties of
one-dimensional systems, mainly CBP molecules, In
order to explain these facts, all the known concepts of
quantum-chemistry were used, but they proved to be
inadequate and we now understand that the reason is that
the correct allowance for the interaction of electrons
(electronic correlations) is the key factor in these prob-
lems. The problem of the interaction of electrons has
been usually solved in quantum chemistry for small
molecules and the consequences of allowing for the inter-
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action of electrons in macromolecules, for which semi-
empirical versions of the self-consistent field (SCF)
approximation were usually employed, were not evident.
On the other hand, various models for one-dimensional
systems have been discussed for a long time in theoreti-
cal physics in order to discover the qualitatively new
features resulting from a more accurate allowance for the
interaction of electrons. These models have names which
are fairly unusual for chemists and even quantum che mists:
the Ising model, the Heisenberg chain, the spin Hamil-
tonian... For a long time, the results of these two groups
of investigations were published independently in the form
of two separate streams of informations addressed to
different scientific circles. In the middle 1960s, these
two streams finally combined and, as a result, it was
possible to achieve considerable progress both in the
solution of exact problems and in the explanation and
prediction of physicochemical properties. This process
has continued, since it became possible to synthesise
specific substances with unusual properties.

In order to create quasi-one-dimensional systems and
new types of polymers, it is necessary to employ the rich
experience gained in modern organic chemistry. For this
purpose, one must begin at least with the formulation of a
general scientific view concerning the problem as a whole.
At the present time investigators prefer to work on
“projects”, whose likely outcome is known a priori, We
believe that in such a situation the synthesis of a one-
dimensional or quasi-one-dimensional compound is a
still more favourable project, because one is very likely
to obtain a substance with unusual properties.

An interesting example is the observation of the very
high hyperpolarisability x®’ of single crystals of poly-
diacetylene (PDA), which makes the substance very
promising for use in non-linear optics and laser engineer-
ing 23, PDA single crystals are large, contain no amor-
phous phase, and are almost free from defects and
impurities 24?5 which is to a large extent caused by the
method of their synthesis by solid-phase polymerisation
from the crystalline phase of the initial monomers at a
moderate temperature 26,

Returning to the problem of the electronic structure of
CBP, one should note that the description of this problem
in Soviet and foreign literature lags far behind the actual
present level of its understanding. This is due to a
phenomenon, familiar in science, where whole blocks of
references are transferred from one source to another
when books, papers, and handbooks are written, which
temporarily protects the given research field from being
penetrated by new concepts and ideas. One of the aims of
the present review is to shorten this period,

II. THE EVOLUTION OF VIEWS ON THE STRUCTURE OF
CBP MACROMOLECULES

The first quasi-one-dimensional object investigated was
a polyene chain, to which the theoretical studies by
Lennard-Jones 27 and Coulson?® were devoted, At that time
it was known that the bond lengths in short polyenes alter-
nate in accordance with the familiar Kekulé structures.
The problem of whether the alternation of bond lengths in
the polyene persists with increase of its length or whether
the bond lengths become equalised, formulated in the above
investigations, was solved using the “bond length—bond
order” formula obtained by Lennard-Jones?? in terms of
the Hiickel molecular orbital approximation for 7 electrons,
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taking into account the elasticity of the o skeleton [the
Hiickel-Lennard-Jones (HLJ) approximation],

At the same time Broocker and coworkers?®~3 investi-
gated the absorption spectra of compounds with polyene
chains, which made it possible to establish % the following
relations. In the spectra of symmetrical cyanine dyes with
an odd number of carbon atoms in the polyene chain, the
wavelength of the first electronic transition increases by
A¢ = 1000 + 50 A following the addition of each CH=CH
group to the polyene chain. This “red” shift does not
diminish with increase of the length of the polyene chain,
so that the energy of the first optical excitation AE tends
to zero with increase of the length of the polyene chain, On
the other hand, in asymmetric dyes with an even number of
carbon atoms in the main conjugation chain and in polyenes
with an even number of atoms, the intense optical absorp-
tion band ceases to shift with increase of the conjugation
length, so that AE tends to a finite limit, The limiting
value for polyenes AE, = 2,25 eV (Fig. 1) has been obtained
by extrapolating data obtained in studies on linear polyenes
and annulenes 3774,

The behaviour of AE for symmetrical dyes appeared
natural from the standpoint of the molecular orbital
method 5% or the metallic model3»%4, According to
these ideas, the distance between the levels and hence AE
is inversely proportional to the chain length and a satis-
factorytheoretical estimate of the “ red” shift was obtained:
Xc = 900 A,32,%%% From this point of view, the finite value
of AE, for polyenes and asymmetric dyes was completely
incomprehensible, This constituted a serious theoretical
problem, since it did not concern a hypothetical infinite
polyene, as in the earlier investigations?27s*®) but real
molecules with finite dimensions: a limiting value of
AE(N) was approcched when the number of atoms was
N =~ 10-12 (Fig. 1).
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Figure 1, Dependence of the energy of the first electronic
transition AE on 1/N in the polyene (CH),N: 1) experi-
mental values 37; 2) line drawn through points calculated
by Eqn. (14).

The hypothesis of the alternation of bond lengths as the
cause of the appearance of a AE« gap in the spectra of
excited polyenes was put forward for the first time by
Kuhn 43:%45,%  who proposed a model in which the non-
interacting 7 electrons migrate in a field with a sinusoidal
potential, the minima of which correspond to the region of
double bonds, By selecting a parameter ¥, associated with
the amplitude of the potential, it was possible to make the
AE-N relation consistent with experiment. However, it
remained obscure which factors distinguish the double
bonds in the chain. If we note that the early investiga-
tions 27,28 indicated that the bond lengths in an infinite
polyene are equalised (a result which appeared erroneous

969

in the light of the above ideas), then, apart from the
intuitive feeling associated with Kekulé structures, there is
no reason why the double bonds should be distinguishable,
The problem of bond lengths in a polyene was soon solved
in terms of the SCF approximation?’. It was found that in
the HLJ model?7»28 3 long polyene with equal bond lengths
passes to the energetically more favourable state with
alternating bond lengths, provided that N > N¢p, where
Ner depends on the model parameters,

In terms of the Hiickel approximation, the energies of
the molecular orbitals of 7 electrons are given by

nn
&n = % + 2B, cos —,

N n=-—N+4+1, ..., N, (1)

where o, is the Coulomb integral and S, the resonance
integral for the C-C bond. The total energy of the mole-
cule is

E=E i+ &,

where the energy of the o skeleton is additive with respect
to the bonds:

Ey=2 2,— £ v:N—;—i-,

The number of levels (1) is equal to the number of 7 elec-
trons, so that in the ground state exactly half of the band
defined by Eqn. (1) is occupied by two electrons in each
molecular orbital, When the bond lengths alternate, the
energies of the occupied molecular orbitals diminish and
those of vacant orbitals increase, so that a gap AE53t
appears and Ey decreases., However, under these condi-
tions Eg4 increases because of the necessity to expend work
against the elastic forces of the o skeleton during the
extension and construction of bonds. As a result, the
total energy minimum is reached for certain values of the
alternating bond lengths, In the solid state theory, the
alternation of bond lengths in a one-dimensional metal
became known as the “Peierls theorem”*®, In quantum
chemistry, this result has been formulated in relation to
polyenes %751,

In the light of the above ideas, it was natural to identify
the optical gap with the gap obtained as a result of alter-
nation:

AE, = AE g4 - (2)

This view has been reflected in monographs 14717,3 and
became firmly established in the literature on CBP for a
long time.

We may note that the alternation of bond lengths in the
SCF or HLJ model is only fortuitously consistent with the
ideas in theoretical chemistry on the alternation of double
and single bonds., In fact, the bonds alternate (in the
given models) because the number of 7 electrons is equal
to the number of atoms and the polyene 7 band (1) with
equal bond lengths is exactly half-filled; for this reason
the gap AEalt arises precisely above the filled band with a
reduction of the energy of the latter, which is energeti-
cally favourable. If the polyene 7 band (1) was one-third
or two-thirds filled, then the state in which groups of
three different bonds alternate forming three bands with
a gap above the filled band, etc., would have become
favourable for the same reasons. This problem has been
investigated by the present authors %2,
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In terms of the Hiickel approximation, the spectrum of
the molecular orbital énergies of the polyene (CH),N with
alternating bond lengths (we shall consider a cyclic model
to avoid the complication due to end effects) has the fol-
lowing form:

E., (1) = ay= |B -+ B} + 2ifs cos e/ N)} /s (3)
— KAy, v=(N—1)/2,

where 3, and 8, are two resonance integrals corresponding
to short and long bonds. In the ground state, the E_(k)
levels are twice filled [with the minus sign before the root
in Eqn. (3)], so that the gap is given by

BEq =2 B34 B} - 2P cos (wv/N)) /22 2| By — By |
for N — «, Since the differences between the bond lengths

are small (R, - R, =~ 0.04 A), %551 8, and B, can be expres-
sed approx1mate1y in terms of the following expansions:

B =P (Ry) = By 4 P'AR + P BRY2,
o= o — P AR 4 B AR?/2,
where
AR = Ry Ry = Ry — Ry, B’ ==

a*p
b= (aRZ)
and R, is an average length equal to the C-C bond length
in benzene. Then

@B/9R) p=p,

AE = 2By — Po| = 4P'AR. (4)

The main idea of the critical analysis of the scheme
with alternation, carried out by the present authors 5?54,
involved a test of the theory for the consistency of the
semiempirical parameters. According to the alternation
hypothesis (Eqns. (2) and (4)], AE, is expressed in terms
of 8/, i.e. it depends on the form of the function B(R). In
vibrational excitations of molecules, the bond lengths also
change, so that the vibration frequencws of molecules with
conjugated bonds depend on the form of the same function
B(R). In order to secure information about the real para-
meters, expressions were obtained®? for six frequencies
of the in-plane vibrations of benzene in terms of three
parameters of the HLJ model. Comparison with the
experimental frequencies makes it possible to find these
three parameters quite reliably: two elastic constants—
for the extension of the bond {k,) and the changes in the
angle between adjoining bonds (k;)—and (the third constant)
the ratio

B3/, = — 1.23 - 105CGSE = — 77 eV A72,

For the generally accepted value 8, = 2.4 eV, we obtain

B’ = 4.3 eV A-'. This value of 8’ agrees w1thX -ray
diffraction data for bond lengths in conjugated molecules.
Indeed, the following formula has been obtaineds* in terms
of the same approximation for the C-C bond in a conju-
gated molecule:

2’
PRI (5)

R=Ry—

where P is the m-electron bond order, R the bond length,
k, the elastic constant of the ¢ bond, and R, a constant.
This formula is virtually identical with the familiar
Coulson formula %

R=1517 —0.18P, (6)

which has been used effectively in calculations on conju-
gated systems. The coefficient 0.18 in Eqn. (6) is obtained
from Eqn. (5) for P =~ 2/3, B ~4.3eV A-l and k, =k, +
23"P ~ 47.5 eV A-2,
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As a result, we obtain from Eqn, (4) AEa}t =~ 0.3 eV,
which is smaller by a factor of ~10 than the experimental
value of AE_, for polyene. This result can be understood
on the basis of simple qualitative considerations: the
energies associated with the distortion of bond lengths with
alternation must be comparable in order of magnitude to
the vibration energies, i.e. must amount to a fraction of
an electron-volt. The above analysis shows that the
considerable magnitude of the gap in the spectra of poly-
enes (AE, ~ 2,2 eV) cannot be associated with the inter-
actions of electrons with atomic vibrations and rearrange-
ments of atomic configurations. At the same time, the
necessity arises for the employment of a self-consistent
set of semiempirical parameters. All these factors make
it possible to interpret correctly the results obtained by
methods more rigorous than the HLJ approximations. For
example, in calculations of the first transition energies in
a polyene 56, the Pariser-Parr-Pople (PPP) approximation
was used, while another study5’ involved a method taking
into account a limited number of excited configurations.

A satisfactory agreement with experiment for the AE ~N
relation for polyenes with alternating bond lengths was
achieved in this case using parameters which had not been
adjusted for consistency with experiments on vibrations and
with structural data. The same inconsistency between the
parameters is characteristic of studies 16,558 where a semi-
empirical version of the SCF method was used to calculate
the band structure of polyenes. Here too the agreement
between the calculated energy gap and experiment did not
demonstrate the validity of the alternation hypothesis,

Figure 2. 18-~Annulene,
is repeated,

The group of three bonds b, a, b

Analysis of experimental and calculated data for
18-annulene (Fig. 2) provided evidence against the alter-
nation hypothesis. According to X-ray diffraction data®®,
in this molecule 12 “inner” bonds have the lengthb = 1. 382 +
0.003 A and six outer bonds have the length a = 1.419 :
0,004 A i.e. a group of three bonds is repeated periodi-
cally and not a group of two, as in alternation. For such
a structure, there is no gap in the spectrum, since among
the three m-electron bands, the middle one is half-filled 52,
Nevertheless, the energy of the first transition in C  H,,
which is AE = 2.77 eV, % does not divide from the
general relation (Fig, 1), Calculations by the PPP method,
taking into account a large number of excited configura-
tions, could not explain the observed absorption spectrum
of 18-annulene, the energy of the first transition was
much lower than the experimental value®, This did not
naturally imply that the PPP method is inapplicable to
many-€electron molecules, Calculations on the spectra of
coronene (24 7 electrons) and ovalene (32 7 electrons) by
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the PPP method yielded excellent results®!, It now
became clear that the cause of the failure of the calcula-
tions on the spectrum of 18-annulene was that electron
correlations are significant in one-dimensional chain mole-
cules, and these are not taken into account in any way in
the PPP method, where the ground state is described, as
in the SCF or Hiickel method, by a single configuration of

7 electrons., The example of 18-annulene also showed that
structural factors (bond lengths) do not have a significant
influence on the energies of electronic optical excitations.

Lk
i m—}/[ TI m+7T

Figure 3. Schematic illustration of a polyene, The
(oo = 1, m, m+ 1,,..) cells into which the polyene was
divided in the calculation in Ref, 62 and the mirror-
rotational twofold symmetry axis S, are shown.

In conclusion of this section, we shall discuss the
unexpected result obtained by Andre and Leroy®, who
investigated the electronic structure of a polyene by the
SCF method taking into account all the valence electrons
(the ab initio method in terms of the Hartree-Fock
approximation). For a given polyene chain with equal
C-C bond lengths, two 7 electron bands were obtained
(filled and vacant), separated by a gap of ~4 eV, This
result, obtained ab initio from analytical basis functions
in conjuncnon with computer calculations in accordance
with a specified program, commanded respect and gave
rise to the hope that latent causes exist for the appearance
of AE«, which were overlooked in simpler semiempirical
calculations. The authors®? carried out calculations on a
polyene with a structure close to the real structure taking
into account hydrogen atoms (Fig.3). The question arises
if the cause involved the allowance for the interaction with
the hydrogen atoms or the unusual structure of the real
polyene, As frequently happens, numerical calculations
did not provide an answer to such questions. The doubts
were resolved in an elegant study by Ukrainskii 3, who
analysed the method of calculation used by Andre and
Leroy®, It was found that the latter workers artificially
subdivided the polyene into CH-CH cells (Fig. 3) and,
having specified the limiting distance for which the com-
puter program no longer took into account the Coulombic
interaction between the electrons, the computation was
based on the number of neighbouring cells (in particular, it
was restricted to three or five neighbouring cells), This
condition artificially infringed the actual symmetry of the
interaction and was equivalent to the superposition of an
effective external field having a period with respect to the
cells, which led to a pattern with two 7-electron bands.
The analysxs showed &3 that the polyene illustrated in Fig.3
possess a mirror-rotational twofold axis and that, in terms
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of the SCF approximation, the 7 bands (filled and vacant)
in a long polyene should adjoin in this case, In order to
obtain this result, the authors ® should have taken into
account in their calculation a much larger number of
neighbouring cells, since the Coulombic interaction
weakens very slowly over large distances.

II. THE INTERACTION BETWEEN ELECTRONS AND
THE NATURE OF THE GROUND STATE OF CBP MACRO-
MOLECULES

In a number of studies, an attempt was made to
attribute the pronounced maximum in the absorption spec-
tra of polyenes to the plasma vibrations of 7 electrons. A
large system with a regular structure can be excited to a
state with regular changes in electron density at the atoms,
which are characterised by a spatial period (wavelength)
and frequency (energy) of the vibrations, referred to as
the plasma vibrations. From the standpoint of the methods
of quantum chemistry, plasma excitations are not funda-
mentally new types of excitations: their energies may be
calculated in terms of the PPP approximation. Since the
latter is fairly cumbersome when applied to large systems,
other methods are effective in this instance: the random
phase approximation (RPA), methods involving density
matrices or Green functions, etc. The considerable
similarity of the PPP and RPA approximations was dis-
covered in calculations on small molecules where both
approximations led to virtually identical energies and
oscillator strengths for the excited states®. The relation
between the PPP method and the plasma or RPA approxi-
mation has been analysed by Mestechkin 3,

It has been found®87 that, in one-dimensional systems
of the type of polyene, the plasma vibration frequencies
start from zero (in a polyene with equal bond lengths) or
from the gap AEyj¢ (in a polyene with alternation)., The
specific features of one-dimensional systems were mani-
fested by the absence of distinct plasma vibration fre-
quencies, in contrast to a three-dimensional metal, where
the plasma vibration frequencies have energies of the
order of several eV and can be distinguished from other
excitations, The calculations %,%7 were based on the SCF
approximation for the ground state, which predetermined
the resulting spectrum of plasma excitations.

The study of spin excitations in a polyene, where the
spin density changes regularly at the atoms (the m-electron
density remains unity) revealed the instability of the SCF
state of the system in relation to the transition to an
energetically more favourable state with alternating spin
densities at the atoms®8, In order to describe such a
state, it was necessary to go outside the framework of the
SCF approximation or the Hartree-Fock approximation
in which two electrons with opposite spins occupy the same
molecular orbital. Quantum chemistry already had at its
disposal the corresponding approximate methods, butthese
were used mainly for the calculation of spin densities in
radicals®, We have in mind primarily the method of
alternant molecular orbitals (AMO) proposed by LEwdinS®s70
for the calculation of the electronic structures of molecules
and crystals, The ideas concerning the distribution of
electrons with different spins in different molecular orbi-
tals used by Lowdin were applied for the first time by
Hyleraas™ in calculations on the helium atom and by
Weinbaum ?? in calculations on the hydrogen molecule.
AMO method is also known as the method of different
orbitals for different spins (DODS). 73 The DODS and AMO
methods have been used in various calculations of the

The
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electronic structures of solids "7 and conjugated sys-
tems?,”, The relation between the AMO method and the
method of geminals was analysed by Kapuy®, Certain
aspects of these methods have been discussed by Larson®!»,
In all methods of the AMO type, allowance for the
Coulombic repulsion of two electrons with different spins
in the same atom is important. As a result, electrons
with different spins “avoid” one another, which reduces
the energy and favours the appearance of a spin structure
of the antiferromagnetic type.

A generalised Hartree—Fock method (GHFM), which is
a version of the AMO method adjusted for self-consistency,
has been proposed 83,8 for the investigation of the elec-
tronic structures of long molecules with conjugated bonds.
The Hamiltonian of the system of 7 electrons for a cyclic
polyene (CH),N has the following form in terms of second-
ary quantisationf:

Hyup = %o E €nglng — P 2 (Gronan,c T Granolnod T+ V 2 C6%n6n,-0%n,mo. (7)
no ng 2 na

Here @, is the Coulombic integral in the Hiickel method,
—B the resonance integral of the C~C bond (8> 0), y < 0
the parameter of the Coulombic repulsion of two 7 elec-
trons in a single carbon atom, and ¢y (cng) are the
operators for the generation (annihilation) of an electron
in the nth atom in the state with the ¢,(7) basis function
and the spin ¢ = :1/2, The Hamiltonian defined by Eqn.(7)
is called Hubbard®’s Hamiltonian® and differs from the
PPP Hamiltonian defined by Eqn. (17) by the absence of
terms with long-range Coulombic interaction, The use
of Hubbard's Hamiltonian {Eqn. (7)] leads to a qualitatively
correct description of the properties of polyene, although
allowance for long-range Coulombic interaction may be
important for other systems # (see Section VI below).

In terms of the GHFM approximation with the Hamil-
tonian defined by Eqn. (7), the variational wave function
for the ground state of the polyene depends on the single
variational parameter 6 and has the following form:

loy= 1T 10,

LAY

1y = 035 c0s 6, + L (0) ¢}, g Sin 6, (8)

where 6] is defined by the formula
sin 20; = y8/[(v8)? 4 p* cos? (ml/N)} 7.

The operators f'io correspond to the generation of an
electron in the molecular orbital specified by the GHFM
and are expressed in terms of the operators “la for the
generation of an electron in the molecular orbital specified
in the SCF approximation, the latter orbitals having the
following form:

s (ra,

where 8 is the spin function. The operators ajs, cypg, and
flo are related by the following expressions:

Cng = —1—_— S exp (indn/N) ao,
V2N g

v o (9)
Cno == 2 C:w*‘lc -+ 2 Cﬁuj\flﬂ\'-“’
l==v I==v
N —1
by N

Vo=

f{There are a few explanatory comments on secondary
quantisation in quantum chemistry in the present authors’
previous review?,
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Here the coefficients ¢l and cfu‘; N are defined by the
formulae
E,’w = Viz"ﬁ {cos 6, exp (inin/N) -+ 4 (o) sin 8 exp (inn (! ++ N)/N)],

l+h i (10)

Cng = V2N [— A (0) sin 6, exp (inni/ N) 4 cos O, exp (inn ([ + N)/N)],

where (o) = 20 (0 = £1/2), which corresponds to the
ground state with alternation of spin densities at the
atoms; the spin density at the nth atom is

(11)

This state will be conventionally referred to as the state
with spin waves (SW). As will be shown below (SectionIII),
in a long polyene this state has an antiferromagnetic spin
structure, although the spin densities at the atoms disap-
pear after the projection of the function (8) on the state
with the total spin § = 0,

When A(0) = 1, Eqns. (8)-(10) define the state which we
shall conventionally call the state with charge waves (CW),
It may become the ground state for quasi-one-dimensional
systems when account is taken in the Hamiltonian of terms
with ypn, which will be described below (in Section VI).

(@ (G 1/,Cn7, — Ermtfyn, i) | O = — (— 1)7 25,

Figure 4, Schematic illustration of continuous conjugation
(dashed lines) in the macromolecules of a polydiacetylene
single crystal, The additional continuous lines indicate
triple bonds.

The parameter 6 for the polyene is determined from the
equation

’S‘ [(88)? + cos? (/M) ="z =1,
l¥—'v
which always has a solution 6 # 0. The molecular orbital
energies are given by an expression of the type

P = v/(2B). (12)

Epg = o+ y/2 % [(y8)? + 4B? cos® (n/N)]'/s. (13)

In the ground state, all the levels are filled, which corre-
sponds to the minus sign before the root in Egn. (13), so
that the energy of the first electronic transition assumes
the following form in terms of the GHFM approximation:

AE (N) = 2[(y)? -~ 482 cos? (suv/N)]"/2. (14)

When 8 = 2.4 eV and y = 5.42 eV, Eqn.(14) describes
satisfactorily the energies of the first transitions in
polyenes (Fig.1). The value of y adopted is smaller by
a factor of ~2 than that of yp, in the PPP method, which
is a consequence of the use of the approximation ypy =0
(see Section VI). It follows from Eqn. (14) that AE,, =2y
when N — o,
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Recent experiments on the absorption of light by poly-
diacetylenes (PDA)® showed that AE, = 2 eV for these
polymers, which is in full agreement with the fact that the
PDA macromolecule is in essence a polyene chain in which
each fourth bond is somewhat shortened and close in
properties to a triple bond (Fig. 4) owing to the presence
in this bond of an additional pair of 7 electrons in a
molecular orbital at right angles to the polyene m-electron
system corresponding to continuous conjugation in the
polymer. The shortening of the individual bonds does not
affect the nature of the ground state and the CBP absorp-
tion spectra, which is confirmed yet again by the example
of PDA.

The optical gap A E« in the absorption spectrum is
virtually identical with the activation energy or the semi-
conductor gap of the CBP. For polymers of the type of a
polyene ® and crystalline PDA %, it was found that the
electrical conductivity Q has a temperature dependence
typical for an intrinsic semiconductor:

Q = Qqexp (— £, /[(2kT)) ,
with an activation energy Egct =~ AEw = 2 €V, The activa-
tion energy for photoconduction in PDA ® is also close to
AEc.

IV. THE SPIN STRUCTURE OF CBP MACROMOLECULES

In the discussion of the spin properties of CBP, we
shall note in the first place that the function of the T
electrons of the polyene |&) [see Eqns. (8)~(10)] with
Ao) =0 is an eigenfunction of the operator of the z-com-
ponent of the total spin Sz with the eigenvalue Sz = 0, but
is not an eigenfunction of the operator of the square of the
total spin 82, This is a deficiency of the approximation,
because the ground state should have a definite spin and,
as a rule, this spin is zero (the singlet state). The
average values of the components of the total spin in the
| ®) state are zero:

@[5, [0 =@ |5y | D> = @[ S| @5 =0,

but the average value of the square of the total spin is not
zero%:

@180y ~ N,

One can say that in this sense |1®) is a state isotropic
with respect to spin but not a singlet state, The varia-
tional solution for |®) is close to the exact state with
respect to energy (see Section VIII) and, in order to make
it close to the exact state with respect to spin properties,
it is necessary to project |®) on to the state with the spin
= 0 or to isolate from {&®) the component with the total
spin S = 0, This can be done in various ways %72 The
function 1$,? , which depends on a single parameter §,
and has a more complex form than |$) , has been
obtained ®°,°!, It was found that in the |$,) singlet state
the total energy, 8, and the gap in the spectrum AE«
differ from the corresponding values for the &) state
only by an amount ~1/N for high values of N. It is impor-
tant to know this in calculations, which can be carried out
much more simply with a function of the &) type. How-
ever, the spin properties of the |$,) and |®) states differ
to a greater extent. The spin densities at the atoms in
the 1@,) state are zero, so that we have instead of Eqn.(11)

O Ehyonsts = oy | 00> = 0.
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Nevertheless the |§,) singlet state will have an anti-
ferromagnetic spin structure, This is because the average
value of the spin correlation operator

N A
Rom= 3 G500
n=1

where §n is the spin operator at the nth atom, or the spin
correlation function

K (m) = <@g | K (m) | @3/ <Dy | ©p>
exhibit the following asymptotic behaviour when m —
K (m) == (— 1™ &%

This result indicates the presence of long-range anti-
ferromagnetic spin order in a long polyene. We may note
that the correlation function K() has the same form for
the [®) and |&,) states 901,

A few other comments may be made concerning the
unusual properties of antiferromagnetism in general and
for organic molecules in particular. If we consider a
small molecule (H,, benzene, ete,), the corresponding
correlation function K(».) will be non-zero for any value of
m and in any approximation (ranging from the SCF approx-
imation to the exact solution). This demonstrates simply
the presence of spin correlation in the molecules, if only
as a consequence of the Pauli principle. However, what-
ever the form of K(m), it would be incorrect to speak of
antiferromagnetism in such small molecules, because
antiferromagnetism is in essence a property of a large and
even infinite system with a regular steric structure when
the spin structure is characterised by an antiferromag-
netic long-range order. For example, when K(m) =~
(-1)8* x const. for m — < in a system as large as in our
case, we have an antiferromagnetic long-range spin order,
For K(m) ~ const. and m — «, we would have a ferro-
magnetic long-range spin order. The case where K(m)=0
for m — o« corresponds to the state without a spin structure
and without a long-range spin order.

It would be incorrect to assume that the antiferro-
magnetic spin structure in long polyenes and other CBP
macromolecules appears as a result of the application of
the AMO method for which such a structure is typical. The
AMO method is not optimal for the description of any
alternant system with conjugated bonds. The method
leads to a decrease of energy only for small molecules
(where the concept of antiferromagnetism has no signifi-
cance) or for large quasi-one-dimensional systems of the
type of polyene, polyacene, etc. (see Section VII below).
For the two-dimensional network of graphite the AMO
state is unfavourable as regards energy®. For two- and
three-dimensional systems, the parameters of the
Hamiltonian defined by Eqn. (7) must satisfy very rigorous
requirements to make a state of the AMO type favourable,
These conclusions are in full agreement with the finding
that in nature antiferromagnetism is an exception rather
than the rule and at the same time leads to the conclusion
that antiferromagnetism is a property characteristic of
quasi-one-dimensional systems,

For small molecules, the state with a function of the
AMO type is energetically favourable mainly as a conse-
quence of the spin projection procedure. For example,
the AMO state for H, or for the ethylene 7 electrons is
favourable only when special relations obtain between the
parameters of the Hamiltonian, while the energy of the
state with a singlet component of the AMO function for
these molecules is always smaller than the energy of the
state in the MO SCF approximation.
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For large systems, the AMO energy also falls after
spin projection, However, it has been shown®! for a
polyene that the energy of a large system decreases after
spin projection by the constant C, > 0, whichis independent
of the number of electrons in the system N. As a result,
it is found that, when the AMO method (without projection)
is unfavourable compared with the MO SCF method, which
is usually the case for two- and three-dimensional sys-
tems, then spin projection does not correct the situation.
In fact, if we suppose that E(MO) and E(QAMO) are the
energies of a system of N electrons in the MO and AMO
methods without spin projection and that

E(MO) = ¢ (MO) - N< E(AMO) =& (AMO) - N,

where € is the energy per particle in both methods, spin
projection diminishes the right-hand side of the inequality
by the constant C, > 0, but does not infringe the inequality.
We always have

€ (MO) - N < e (AMO) - N —C,,
because
& (MO) < & (AMO) — C,/N

for fairly large values of N,

The antiferromagnetic spin structure in CBP molecules
is a consequence of the mutual repulsion of electrons with
different spins in the same atom. If these two electrons
did not repel one another (in conformity with the Coulomb
law) and effectively attracted one another (which might be
promoted by an electron—phonon interaction or some other
interaction), we would obtain a superconductor and not an
antiferromagnetic material. Since electron repulsion in
the CBP marromolecules is considerable, the introduction
of side groups with a high polarisability does not trans-
form electron repulsion into attraction®,. For this
reason, the mechanism of superconduction proposed by
Little ¢ does not operate in CBP macromolecules, Anti-
ferromagnetism in hydrocarbons is a fairly unexpected
property, but unfortunately so far it has been found to be
fairly useless. However, one cannot rule out the possi-
bility that the spin structure may be “ manifested” follow-
ing the introduction of side groups into the polyene chain,
These may be phenoxy-groups:

| |
N

or

CHy L,J CH, (CHYC” \l/ NC(CHy, .

o o
If, for example, phenyl substituents in polyphenylacetylene
(PPA) are replaced, if only partially, by these groups so
that the latter are linked to only even (or only odd) atoms
of the polyene chain, then a macromolecule of this kind
should become ferromagnetic, because all the unpaired
spins of the phenoxy-groups are polarised in the same
direction via the central chain. Organic ferromagnetic
substances are discussed in greater detail in Section XII.

V. COMPETITION BETWEEN TWO TYPES OF STATES—
WITH ALTERNATING BOND LENGTHS AND WITH SPIN
WAVES

We may note that the nature of the ground state of a
polyene depends significantly on semiempirical para-
meters. For self-consistent values of the parameters of
the polyene, it was actually found that A Eq}t < AE(GHFM) =

AE.. The state with spin waves was then found to be
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energetically more favourable as a result of taking into
account the significant contribution of the correlation
energy. Bearing in mind other quasi-one-dimensional
systems, it is natural to formulate problems concerning
the possibility of a situation in which the alternation of
bond lengths is favourable and concerning the coexistence
of states of two types. For the m electrons of a long
polyene with Hubbard's Hamiltonian and an elastic o-skele-
ton at the temperature 7 = 0, these problems have been
solved by Popov® and Falikov and Harris ®® in terms of
the GHFM approximation. It was found that the state with
alternating bond lengths and a gap AE,jt is more favour-
able energetically when interactions between electrons
and atomic vibrations predominate in the chain or when
the inequality

VI(©B) < 4B’ (Bhy). (15)

holds. If Coulombic repulsion between electrons is more
significant in the chain or

VI(2B) > 48 1(Bhy), (16)

an antiferromagnetic state obtains with identical bond
lengths and the gap AE(GHFM). In infinitely long chains,
either type of state may obtain depending on the relative
values of the parameters: there is no coexistence between
the states of the two types. Since formula (16) holds for
conjugated hydrocarbons with a large store of energy,,

the nature of the ground state will be determined by the
electron interaction and, despite the appreciable differ-
ences between bond lengths, which usually alternate by
virtue of boundary effects, mainly the state with spin
waves arises in not unduly long polyenes; this can also
be concluded in view of the similarity of the energy of the
first electronic transition AE(N) to AE« for not very

large values of N (Fig.1). These conclusions concerning
the competition between the two types of states have been
extended to non-zero temperatures ?’,

V1. THE INFLUENCE OF THE LONG-RANGE
COULOMBIC INTERACTION ON THE PROPERTIES OF
CBP MACROMOLECULES

Fukutome °¢ showed that the long-range Coulombic
interaction in long CBP molecules can lead to a ground
state with spin waves (SW) or with charge waves (CW).
However, the energies of these two types of ground states
were not calculated, so that it remained unknown which
type actually obtains.

In order to investigate this problem, the present
authors % used the variational function of the GHFM
approximation (Eqn. (8)] for a cyclic polyene with a PPP
Hamiltonian:

1
HPPP = HHub+—2‘ Z 2 Yemn C:nucmcc:x'o,lna‘ -

mn 60y
(m#n) N 17
- 2 2 ;mnc:l'ucnc + _;_ 2 ’-Vlmn 3 ( )
mn © mn
(m#n)
where Hyyb is Hubbard®’s Hamiltonian [Eqn. (7)], ¥m, are
the parameters of the Coulombic repulsion of the electrons
in the m and n# atoms, ¥, are the parameters of the
attraction of an electron from the » atom to a positive m
ion, and ymp are the parameters of the repulsion of m
and n ions, In terms of the PPP approximation, all the
parameters with identical » and n are equal®:

Ymn = ;mn = "V:nn -
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Asnoted above, function (8) depends only on the single para-
meter 6 and describes a state of the SW type when X o) =20
and a state of the CW type when x(o) = 1. The total
average energy of the ground state E(PPP, §) depends on 6 and
the parameters of the PPP Hamiltonian, only one term in
the expression for the total energy depending on the choice
of x(o):

E(PPP, §)= 4, — WEE. (18)
where A, and B, are known functions and W = 1 when

Mo) = 20 (SW type) or W=4M - 1 when x(o) = 1 (CW
type), M being the Madelung sum for the chain:

M=— %

f=1,2,...

(— U’Yﬂut,m/Y > 0.

Analysis of Eqn. (18) for the total energy yields the follow-
ing criterion of the type of the ground state: the SW type
obtains for M < 0.5 and the CW type obtains for M > 0,5,
This criterion, which is independent of 8, can be under-
stood: when M is fairly large (M > 0.5), it is favourable
for the systems to pass to a state with charge waves,
since the gain in the Coulombic energy from the alternat-
ing charges, which is proportional to M, will be fairly
large,

For Hubbard's Hamiltonian [Eqn. (7)], M = 0 and the
ground state is always of the SW type. For the PPP
Hamiltonian [Eqn.(17)], which is closer to the real Hamil-
tonian, M depends both on the geometrical configuration of
the chain and on the type of the semiempirical relation for
Ymn- It was found that, for many real configurations of
the polyene chain and when the generally accepted formu-
lae are used for ymp, 9% M < 0.5 is always obtained.
This implies that the ground state of a long polyene has
a structure with spin waves. Furthermore, the size of the
gap in the spectrum of one-particle excitations proved to
be8 AE. ~ 2 eV [in good agreement with experiment and
with the results based on Hubbard's model (Section III)]
when the Nishimoto—Mataga formulai® is used:

= 1.2935v/(1.2035 = R,,.), y= 11.13eV .

Ymn

Hence one may conclude that Hubbard®’s model with its
parameters gives a correct qualitative description of the
experimental situation in polyenes and apparently in other
conjugated macromolecules.

We may also note that the dependence of the type of
ground state on M makes it possible to formulate a hypo-
thetical situation where the nature of the ground state and
of its characteristic properties may change in a macro-
molecule following an alternation in its geometrical con-
figuration (under the influence of external forces).

VII. THE ELECTRONIC STRUCTURES OF CERTAIN
CBP

The electronic structures of a number of quasi-one-
dimensional systems of hydrocarbons and of the planar
two-dimensional network of graphite have been calculated
in terms of the GHFM approximation with Hubbard's
Hamiltonian 902102

1. Polyacenes
The first members of the series of polyacenes in which

the number of rings is N =2, 3, 4, 5, and 6 are respec-
tively naphthalene, anthracene, tetracene, pentacene, and
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hexacene., The experimental spectra 3 appeared to indi-
cate the existence of a finite limit to the first electronic
transition energy. A group of four atoms a, b, ¢, and d
is repeated periodically in the polyacene molecule (Fig.5),
so that the system is quasi-one-dimensional in the direc-
tion of an increase in the number of rings. In terms of
Hiickel's approximation, among the four wm-electron bands
two are filled and the third (vacant) adjoins the second
closely. The alternation of the lengths of the outer bonds
does not reduce the energy and does not lead to the
appearance of a gap between the second and third bands 104,
However, transition to the state with spin waves is ener-
getically favourable and in the ground state two bands of
levels are filled:

E}® = v/2— (8 -+ (B = V4FF* + B3/a) ™
F=P,(1-+exp(i2nl/N), [=1,2, ... N.

Figure 5, The polyacene cell with the designation of the
opposite (+ and -) directions of the spin at carbon atoms
and with an indication of the resonance integrals.

The third, vacant band is separated from the second (for
N — «) by a gap AEw = 2y0 where 6 is determined from
the corresponding self-consistency equation. According
to estimates, AE, =~ 1-2 eV in polyacenes, which does not
conflict with experimental data'®3, The antiferromagnetic
spin structure in very long polyacenes (the opposite
directions of the spins in the atoms are indicated by the
plus and minus signs for atoms belonging to two of the
periodically repeated polyacene cells in Fig.5) must be
understood in the same sense as for polyenes (see

Section IV). Polyacenes are an example of quasi-one-
dimensional systems differing from a linear chain of
atoms.

2. Graphite

When aromatic rings are added in different directions
and not in a single direction as in polyacenes, we obtain
the planar hexagonal network of two-dimensional graphite.
The properties of two- and three-dimensional graphite
have been examined in detail in a review!%, Here we
shall consider the example of two-dimensional graphite in
order to show how the “dimensionality” of the system is
manifested in the calculation of its properties. It has
been shown 90,192 that the two-dimensional network of
graphite (2N? atoms) may exist in a state of the SW type
if the GHFM self-consistency equation

e 2 8r + e R PI = 1,

ik
e (jk) == B (1 + exp (i27k/N) -+ exp (i2rj/ N)),
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has a solution 6 # 0. The function |€(jk)] becomes zero
in accordance with a linear law at two points in the region
of variation of (j, k), so that for double summation (a
two-dimensional integral) these points are non-singular
when 6 — 0. The existence of a solution § # O therefore
requires the fulfilment of the condition

S i py et
ZN,?_IZIIS(Ivk)I >1.

Hence we find that transition to a state with a spin struc-
ture is possible only for parameters satisfying the
condition

¥/(2B) > (v/2B) crip. =2 1134 (19)

while in quasi-one-dimensional systems such a transition
is possible for any parameters y/8# 0. The “dimension-
ality” of the system is manifested in this sense,

The parameters of graphite are close to those of
polyenes, for which the approximate equation

v/@B) = (v/2B) crit

holds. This leads to the following conclusions.

(1) The parameters of the electron interaction in
graphite apparently do not satisfy inequality (19), so
that the antiferromagnetic state does not occur (in agree-
ment with experimental data).

(2) On the one hand, the closeness of the parameter
v/(28) to the critical value prevents conflict between the
theory and experiment and, on the other, it indicates that
graphite could make a transition to an antiferromagnetic
state if it were possible, say, to extend somewhat all the
bonds, to diminish 3, and to satisfy inequality (19).

3. Cumulenes

Cumulenes are linear =(C=C)N= macromolecules
consisting of carbon atoms and constituting in essence a
third form of carbon (in addition to diamond and
graphite 196-112)  In cumulene there are two mutually
perpendicular subsystems of 7 electrons (coupled systems
of 2px and 2 py functions; z is the molecular axis). Each
is analogous to the m-electron system of a polyene,

The electronic structure of cumulenes has been cal-
culated *? in terms of the SCF approximation on the
hypothesis that the bond lengths alternate. However, as
in polyenes, the effects of different bond lengths in
cumulenes cannot play an appreciable role compared with
the effects of electronic interactions. According to
calculations in terms of the GHFM approximation 90,102
each of the m-electron subsystems of a long cumulene with
identical bond lengths exists in a state with an antiferro-
magnetic spin structure and a gap in the spectrum of one-
particle excitations, allowance for the Coulombic and
exchange integrals yxy = {xxlyy) and 7xy = {xylxy) at
each carbon atom leading to a correlation between the spin
structures of these subsystems. As a result, the one-
particle levels of each of the m-electron subsystems have
the following form:

Ep =y P (7 — Vel2 £ [y > V) 6° 4% cos® (mifm)I'h,
where the filled orbitals have the minus sign before the
root and the vacant orbitals have the plus sign. The size
of the gap in the spectrum of a long cumulene is
AE=2(y Vx5,

where 6 is determined from the “polyene” Eqn. (12) but
with another parameter: p = (y + ?Xy)/ (28).
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In order to estimate AE«, we shall assume that
vy = 5.42 eV (as in polyenes), B = kB,, where & =~ 1.5,
which corresponds, according to Streitwieser ' to the
C=C bond length in cumulene (R = 1,28 A), !1°,11% and
Bo = 2.4 eV. The value Pyxy = 0.62 eV was estimated from
the formula ny = {yxx — ‘yxy)/2, where the parameters
¥xx and yxy were found by analysing the spectra of atomic
carbon and carbon ions 15,116, We obtain as a result
AEx =~ 1.2 eV, in agreement with experiment '3 {A E(exp) =
0.8-1.0 eV]. The state with spin waves (6 # 0) is more
favourable than the usual state (6 = 0) for molecules with
N 2> 11, i.e. for cumulene chains containing more than 22
carbon atoms,

In the crystalline phase, cumulene chains may contain
several hundreds of atoms !*°, The results presented in
Section V showed that the presence of an antiferromag-
netic state in a long cumulene rules out the possibility of
the alternation of bond lengths, since the bond lengths in
long cumulenes are identical in the region remote from
the ends of the chains,

It was convenient to use cumulenes for the investigation
of the antiferromagnetic spin structure by the method of
inelastic scattering of polarised neutrons, because they
do not contain hydrogen atoms, whose nuclei interact
strongly with neutrons. However, such studies are at
present outside the scope of the available experimental
technique.

¥
Figure 6. The elementary unit of polyphenylacetylene,

4. Polyphenylacetylene

The ground state of a long PPA molecule (Fig. 6) is
characterised by an antiferromagnetic spin structure both
in the central (polyene) conjugation chain of PPA, and
in the benzene rings '*%>!18, In conformity with the number
of carbon atoms, there are in the elementary unit of PPA
eight energy bands Ekly (¢ =1,2,...,8), wherel=1,2....N
is the number of the level in the band and N is the
number of PPA units. For electrons with different spins
and different values of o, the molecular orbital energies
are different (there is no such difference in polyenes,
cumulenes, and polyacenes). The bands of cyclic PPA
with N = 17 are illustrated schematically in Fig.7. In
the ground state, the levels of the bands with k =1, 2, 3,
and 4 are filled. Depending on the degree of conjugation
of the benzene rings with the continuous conjugation chain
(or on the resonance integral 8,; see Fig, 6), the limiting
energy of the first one-particle excitation in the PPA
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Figure 7, The one-electron energies (in units of B)

Eyjo (circles) of cyclic PPA with N = 17 and 8,/8 = 0.875
according to Refs, 117 and 118; ¢ = -1/2 (I) and

o = 1/2 (I); lines (III) correspond to B; = 0.

macromolecule changes from AE urgin =1.6eV (8, =8,
complete conjugation) to AE M3aX = 2.2 eV (8, = 0) when
PPA is converted into a polyene with isolated benzene
rings.

VIII. EXACT METHODS FOR THE INVESTIGATION AND
SYSTEMATIC TREATMENT OF EXCITED STATES

Despite the advances achieved in the application of
GHFM approximation in order to explain the properties
of long conjugated molecules, justified doubts remain about
the adequacy of this approximation. In fact, it was known
that a quasi-one-dimensional system described by
Hubbard®s Hamiltonian [Eqn. (7)] has excitations whose
energies are not separated by a gap AE,, and approach
the energy of the ground state for y/8 — o, i.e. in the
limiting case of isolated atoms. The energies of these
states may be obtained by the diagonalisation of the effec-
tive Hamiltonian, which is called the Heisenberg spin
Hamiltonian !*® and can be obtained from Hubbard's
Hamiltonian [Eqn. (7)] for y/8 > 1, in the following form:

(s 1L
Hen =1 ?(s,‘s,m— 4>, (20)
where §n is the spin operator at the » atom. The eigen-

functions (states) for this Hamiltonian are called homeo-
polar (for y/B8 > 1) or quasi-homeopolar (for the real
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values of the parameters). The spin Hamiltonian method
for the description of the excigations of conjugated mole-
cules was proposed by Bulaevskii!?9:221, Kohn '?2 and
Bulaevskii 20,122 found that the optical transitions from the
ground to the quasi-homeopolar states are forbidden or
their intensity is low. The GHFM approximation does not
yield states of this type; however, it is shown below
(Section IX) how triplet states of this type can be obtained
in terms of the GHFM approximation.

The reliability of the GHFM approximation, the spin
Hamiltonian methods, and other approximate methods
was finally elucidated after obtaining the exact solutions
for a one-dimensional system with Hubbard’s Hamiltonian
[Eqn. (7)]. The unidimensionality of the system is impor-
tant for the exact solutions. Examination of a one-dimen-
sional classical gas consisting of identical solid spheres
which can move in only one direction before and after elas-
tic collisions may help to understand the cause of this. By
virtue of the energy and momentum conservation laws,
when two spheres collide in a single dimension, they can
only exchange velocities but cannot alter the values.
Consequently in such a system the set of velocities of the
spheres does not vary with time, i.e. the distribution
function for the spheres with respect to momenta is an
integral of motion. The appearance in a one-dimensional
system of an additional conservation law analogous to that
discussed above ensures the possibility of an exact solu-
tion of our quantum problem.

Only a few words need be said about the exact solution;
it has been described in greater detail in the review of
Ovchinnikov et al.*?®, Using the ideas put forward by
Bethe ®, who obtained an exact solution for the ground
state spin Hamiltonian [Eqn.(20)], Gaudin!?¢, Yang!*5, and
Lieb and Wu 1?6 obtained an exact expression for the
eigenfunction of Hubbard®s Hamiltonian [Eqn.(7)]. It has
the following form:

¥ (g, e ) = S {Q, P exp(i Ekpinqi) ;
P 7

g, '\\’nQ’< <I’!QN~’
where nQ are the coordinates of the electrons (the
numbers of atoms in which the electrons are located),
kp; = Ry, ky,..., kp is a set of quasi-momenta, which are
the’ quantum numbers for the system, in conformity with
the above comments on a one-dimensional gas,

@ = (@, &2,.., @n) and F = (B, B,..., Pp) are trans-
positions among the coordinates and quasi-momenta
respectively, Furthermore, [@, F] are coefficients which
depend on @ and P; they are determined from the
Schrodinger equation and the symmetry requirements.
The total energy of the system is very simply expressd

in terms of the quasi-momenta kj:

N

E= —2[32 cosk;.
j=1

(21)

However, the quasi-momenta are determined from the
solution of a system of transcendental equations and depend
on certain quantum numbers. By an appropriate choice
of these numbers, it is possible to find sets of quasi-
momenta %j and to calculate the energies of the required
states from Eqn. (21).

The exact energy of the ground state for an N-atom
chain with Hubbard's Hamiltonian [Eqn. (7)] has been
found by Lieb and Wu 2¢;

(22, @do ¥

E=‘4N5§ ol tep@n Pt YN
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where y(w) and 9,(w) are Bessel functions. The results of
the exact calculation of the energy of the ground state are
compared in Fig, 8 with the GHFM results for different
ratios /8. We may note that, for real parameters

¥/B = 2, the energy gain (GHFM or exact) is small com-
pared with the simple molecular orbital or Hartree-Fock
approximation, but the rearrangement of the ground state
is significant.

v/A

Figure 8, The energies of the ground state of the polyene
(CH),N 7 electrons per electron € = E/(2Np) in Hubbard's
model as a function of the y/8 ratio: 1) isolated atoms;
2) Hartree-Fock (MO SCF) method; 3) GHFM; 4) exact
solution'??,

U WS SN U GHI W NS S |

1
5 10

Hubbard's model, which is susceptible to an exact
solution, makes it possible to carry out a complete quali-
tative investigation of the excitation spectrum of an N-atom
model chain. All the states of the system with y/8 > 1,
i.e. for large distances between the atoms, are subdivided
into groups of states with similar energies. The first
group consists of 2N states of a quasi-homeopolar type, the
energies of which, including the ground state, are also
described by the spin Hamiltonian defined by Eqn, (20).
For real parameters (y/8 = 2), other approximations or
exact methods are preferable. The exact spectrum of
triplet excitations of the quasi-homeopolar type has been
found by Ovchinnikov 26, The first energy levels with the
numbers n = 1, 2,,.. <N are equivalent:

n, (22)

where

a = 4npl, 2B/ o2rBLY). (23)

Here I, and I, are Bessel functions of an imaginary
argument. The energy of each triplet excitation [Eqn.(22)]
is inversely proportional to the number of atoms N in a
continuous conjugation chain and therefore may be smaller
than AE., approaching zero with increase of N. If

B =2.4¢eVand y =5.42 eV,® then u = 24.5 Ev, For
B-carotene (in this molecule the light absorption is deter-
mined by a linear polyene chain with N = 22), experiment
gives 120 el (expt.) = 1.1 eV, while according to Eqns. (22)
and (23) we have el = 1,12 eV, We shall describe below
approximate methods for the calculation of # in CBP
(Section IX) and the influence of triplet states on the
properties of CBP (Sections X and XI).
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Apart from triplet states, the first group includes
singlet quasi-homeopolar states, whose spectrum
resembles that of triplet states (Fig.9). The energies
of the first singlet and triplet excitations are similar:

!f—Er:‘N_’; N > o0,

A weak long-wavelength absorption of CBP is associated
with the excitation of these singlet states !, In estimating
the absorption coefficient 2(w), account was taken of the
fact that polymers possess a broad molecular-weight
distribution (MWD) in which it is important to know p(N)
(the density of macromolecules with a large number of
atoms N in a continuous conjugation chain) for the long-
wavelength absorption:

p (W) = = exp (— NI, (24)
where N is the MWD parameter. Assuming that only the
first level €0 = u/N, to which corresponds an oscillator
strengthf (N) < N and the line form parameter 6(%, - €d), is
excited in each molecule and averaging with respect to
MWD [Eqn. (24)], it is possible to derive the following
formula for k(w) 1%:

B = j %o f(N) - exp(—N/F) 8 (ho —u/N)dN. (25)
The integration in Eqn. (25) is carried out with the aid of
familiar rules for 6-functions. As a result, we obtain the
following relation between the absorption coefficient (pro-
portional to the extinction coefficient) and the wavelength 2
of the absorbed radiation:

k() == kyA? exp (— A/Dy),

: (26)

where ¢ is the velocity of light and 7# Planck's constant.

£

Q1

AE,,

n

Figure 9, Schematic illustration of the energies E of the
excited states of a quasi-one-dimensional system;
quasi-homeopolar singlet (S) and triplet (7) levels of
the first group; quasi-ionic (QI) levels of the second
group; # is the number of the level.

The experimental absorption spectrum for PPA in the
wavelength range from 700 to 1500 nm ** is described
with an adequate degree of approximation by Eqn. (26),
whence it is possible to determine the ratio u/N ~ 1.4 eV,
Thus the study of the long-wavelength absorption makes it
possible to determine the MWD characteristics for CBP.*3°
As will be seen below (Section X), the ratio u/N also
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deter mines the paramagnetism of CBP at room tempera-
ture 130,

The second group of levels of the Hamiltonian defined
by Eqn. (7), which becomes separated for y/8 > 1, con-
sists of N x 2N quasi-ionic states with excitation energies
~y. For the formation of such states, an electron of one
atom must be transferred to another, where an electron
is already present, which requires the expenditure of
energy ~vy (y is exactly equal to the energy of repulsion
of two electrons in the same atom). The resulting pair of
charges (+ and -) on different atoms ensures the appear-
ance of conduction, as a result of such excitations and
justifies the term “quasi-ionic”. This group of levels
includes optically active excited states. Single-particle
excitations, associated with electron transfer from a
filled to a vacant GHFM band, describe very acuurately
optically allowed excitations of states in the second group.
The exact spectrum of quasi-ionic excitations has been
found **, It was discovered that the latter have a gap in
the spectrum (for N — o):

AE,, (exact) =y — 4p +- 8 S 7)) do (27)

® 1+ exp(pw)

This implies that the GHFM approximation reproduces
correctly the situation with a gap in the spectrum of
optically allowed excitations of long conjugated molecules.
It has been found !?® that, for v/8 — 0, we have
AE,, (exact) =~ 8O exp (~ ziﬁ_) (28)
fad Y
whereas the GHFM approximation yields for the same
limiting case
- 2
AE., (GHEM) = 16p exp (a T)

The experimental value AE,, ~ 2.2 eV for polyenes is
satisfactorily reproduced by Eqns, (27) and (28) with the
parameters 8 = 2.4 eV and y = 8.5 eV, which do not differ
very greatly from the optimum GHFM parameters.

The third group of levels of the Hamiltonian defined by
Eqgn. (7), which becomes isolated for y/8 > 1, consists of
N(N - 1) x 2N~ 1 states with energies ~2y and a wave
function having doubly ionic structures (with two pairs of
+and - charges). The levels of this group (and all
other groups) can occur in the visible and ultraviolet
parts of the spectrum for real values of the parameters
regardless of the number of the group.

We shall examine from the standpoint of this systematic
treatment the excited states of the benzene molecule,
paying attention to the covalent-ionic structure of the wave
function, which were found by the exact numerical solution
of the problem of benzene in the n-electron approximation
(a six-atom chain) with the PPP Hamiltonian 833, The
ground state A, the triplet state B,y (3.7 eV) and the
singlet state !B, (4.8 €V) are quasi-homeopolar because
the wave function of these states includes a contribution
of covalent structures. The wave functions of the !B,
(6.1 eV) and *E,;; (6.8 eV) states include no contributions
of covalent structures and are therefore quasi-ionic 68133,
The experimental excitation energies are indicated in
brackets.

IX. AN APPROXIMATE METHOD FOR THE CALCULA-
TION OF THE SPECTRUM OF TRIPLET EXCITATIONS

The exact methods for the calculation of excitation
energies are too complex to be applied to systems more
complicated than polyene. Because of this, various
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approximations are as a rule used for real molecules. An
approximate method, based on the calculation of the struc-
ture of CBP macromolecule in terms of the GHFM approxi-
mation and employing the technique of Green functions in
a minimum volume, has been proposed 17,118,134 gpd
applied to PPA and polyene chains (linear and closed),
The fact that the Hartree—Fock equation for the Green
function of a system of 7 electrons has solutions for both
the ground and excited states is used in essence in this
method, The proposed method of calculation is equivalent
to the random phase approximation, which was shown by
the identity of the secular equations for the excitation
spectrum of a one-dimensional chain obtained by the two
methods 74,75,117,13¢. The study of the secular equations of
the method of Misurkin and coworkers **7,!3%, which are
not quoted here because of their cumbersome nature and
the large number of new symbols, showed that they make
it possible to find the energies of the singlet and triplet
excitations of the system. S

The energies of singlet excitation €5 = E_. Transitions
to these singlet states involve changes in electron density
at the atoms and are responsible for the strong absorption
in the optical region (%iw 2 AEx). The energies eis can be

calculated with satisfactory accuracy in terms of the
GHFM approximation as the difference between the ener-
gies of the corresponding molecular orbitals. However,
the singlet excitations with energies eﬁ < AE, are not
described by this approximate method, so that in practice
the only available information about these states has been
obtained by exact methods for simple chains of the polyene
type 1285132,

The spectrum of low-energy triplet excitations,
obtained by the approximate method, is of the same form
as that produced by the exact method [see Eqn. (22)]:

s,f: n, n=1,2 ... &N,

u
i 2
where u is found by the numerical solution of the corre-
sponding secular equations. These equations have been
obtained and solved for cyclic and linear polyenes and for
a cyclic model of the PPA macromolecule 17,118,134 Ag
an illustration, we quote below the secular equation for
cyclic PPA with N elementary units:

8

Z A(mn\w) - f(m)=1f(), n=1,2,...8.

m==1
This system of linear equations has a non-trivial solution
for f(n), i.e. f(n) # 0, when one eigenvalue of the A(mn|u)
matrix is unity, From this condition, it is possible to find
u by means of a computer., The A{mnlu) matrix has the
following form:

(mn|a) = A (mn|u)+ A(mn) - 4, (mn|u),

A
« 8 o+t pl k43 gl lar bl ol
Amni = — LS S) S |G T i i o
N ! —E_ . —
7 o L Ersoin —Epiy—uwi2N T By —E g tuf2N |

R v _k—v =V kv D=V kv
[ Cmin SmuSnn S hin CmnCan ]
’

4 8
A,(mnlu)=__YE
v 2 Epvp — Ep,ymTu/2N

k=1 p=8
nN=1/2, p=-—1/2,
A(mn) =1—2(5,, + 8y —28,,8,)), —v<ISV—1, v = (N —1)/2.

Here m and n are the numbers of atoms in the PPA unit
(m,n=1,2,..,8), k and p are the numbers of filled and
vacant MO bands, [ is the number of the molecular orbital
in the band, and cglu is the LCAO-MO coefficient for an

electron with the spin u = —1/2 in a molecular orbital with
the energy Eplye The remaining details and symbols are
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described in the relevant papers ‘7,118, Similar equations
can be obtained and solved for any systems, both periodic
and non-periodic: linear CBP, CBP with various defects,
etc. The possibility of determining the energies of triplet
excitations in long CBP molecules is particularly impor-
tant, because properties of CBP such as paramagnetism
at room temperature and catalytic properties are asso-
ciated with these triplet states. Comparison of the results
of the approximate and exact methods for a polyene with
real values of the parameters 117,13 showed that they yield
virtually the same values of eg (to within 6%),

X. THE NATURE OF THE PARAMAGNETISM IN CBP

The presence of the electron spin (paramagnetic)
resonance (ESR) signal is one of the characteristic proper-
ties of CBP.'® The fairly complex dependence of the
electronic structure of CBP on the conformation of macro-
molecules deter mines the complex nature of the dependence
of the ESR signal on many external factors and makes
it difficult to describe fully the paramagnetic properties
of these polymers. A typical temperature dependence of
the paramagnetic susceptibility x, measured by the ESR
method for a PPA specimen, is illustrated in Fig, 10
(curve 1)138,

The paramagnetism of CBP is usually attributed to the
presence of structural defects in the macromolecular
chain 137-1%  the presence of charge-transfer complexes
(CTC),0,341 and excitations tobiradicals (triplet) states'42
However, all these paramagnetic states have a formation
energy which is too high (1-2 eV) and this precludes an
explanation of the sharp increase of the ESR signal intensity
on moderate heating in the region of room temperature.
Infact, for the formation of biradical states the fragment of
the macromolecule must be rotated about the conjugated
bond by ~90°, which requires more than 1 eV 43 and
leads to a triplet state with an odd number of 7 electrons
in each of the resulting fragments. In the condensed phase,
this energy expenditure increases owing to steric hindrance.
On formation of CTC, an electron is transferred from the
highest occupied molecular orbital of one macromolecule
to the lowest vacant molecular orbital of another, which
requires the same energy expenditure as in the one-
particle excitation, i.e, 1.5-2 eV (see Sections III and VII
above). Nevertheless, stable paramagnetic defects of this
type 1¥7-12 can be formed in the synthesis of CBP and can
contribute significantly to paramagnetism at low tempera-
tures,

We may also note that, with increase of temperature,
relaxation effects appear in the ESR signal of CBP, which
cannot be explained, for example, by the recombination of
paramagnetic centres, When the temperature is varied in
the range 275-350 K, the ESR signal intensity varies in
parallel with temperature, assuming initially an inter-
mediate value, which continues to change slowly as the
specimen is maintained at a given temperature, The ESR
signal intensity or x(7) reaches its limiting value (curve 1
in Fig. 10) after a time of the order of tens of minutes or
hours, which depends strongly on temperature,

It bas been suggested *4%'4 that the thermal population
of triplet states [with energies of the type defined by
Eqn. (22)] in CBP macromolecules is responsible for a
significant contribution to the paramagnetism of CBP at
room temperature, A formula for the static paramagnetic
susceptibility xN(T) per 7 electron was obtained in the
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same investigations for a molecule with N atoms in a
continuous conjugation chain:

Z:Z;gﬁ exp (_ u ) _Egy, (29)

Xy () = kT ™

kTN

where ug = efi/2mc is the Bohr magneton, g = 2, and e
and m are the charge and mass of an electron. In the
derivation of Eqn.(29), only the form of the triplet excita-
tion spectrum [Eqn, (22)] was significant. The calculation
of u was described above (Section IX). For PPA, u varies
from 5.7 B for B, = B to 9.65 B for B, = 0 (see Fig, 6 and
Section VI above) 7,48 CBP with a long continuous
conjugation chain, for which triplet energies are smallest
and their populations and contributions to paramagnetism
are greatest, are important under the conditions of the
thermal population of triplet states. Averaging of the
quantity defined by Eqn. (29) with respect to the MWD
[Eqn. (24)] for macromolecules with a large number of
atoms leads to the following formula for the contribution of
thermally excited triplet states to the static paramagnetic
susceptibility 144,145;

2 2z .2 13
7 () = ) n,,(nZ,_L /‘exp _, u Ve ,
KT NET NeT

where 7y is the number of 7 electrons in the CBP conjuga-
tion chain per gram,

(30)
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Figure 10, Dependence of the static paramagnetic sus-
ceptibility x of PPA on the temperature T: 1) x6XP(7T)

with an indication of the typical experimental error;

2) contribution of paramagnetic defects, xp = aT-,

3) contribution of thermally excited terlet states, xeXP(T) -
aT-'; 4)theoretical dependence of the contmbutmn of
thermally excited triplet states according to Eqn. (30)

with 77 = 1,2 X 1022 g~! and »/N = 0.76 eV.

Since X€XpP « 1/T at low temperatures and x €Xp
increases with increasing temperature when T 2> 250 K,
X €XP(T) has been represented 13 by the sum of two con-

tributions with different temperature dependences:
AEXP (T) = aT=1 - T+ exp (— T-11), (31)

The first contribution, which obeys the Curie law, is due
to different types of stable paramagnetic defects, CTC,
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etc., which were discussed above, The contribution
defined by the second term of Eqn. (31) is determined by
the population of the triplet states and corresponds to
Eqn. (30). The Curie constant a was determined from the
ESR signal intensity at 77 K where the contribution of the
thermally excited paramagnetism is negligible: a = 4,5 X
1078 cm® K g~!. If the Langevin formula

a=npg*n;S (S + 1)/3k

is used for ¢ and it is assumed that the paramagnetic
defects have the spin S = 1/2, then the concentration of
defects is np = 6 x 108 g=t, This implies that one defect
corresponds to ~1000 PPA units.

Analysis showed that the experimental temperature
dependence of the contribution of thermally excited
triplets x®XP(T) — aT ! (Fig. 10, curve 3) is described
satisfactorily by the second term of Eqn. (31) (Fig, 10,
curve 4), provided that the theoretical expressions
derived by identifying Eqn. (30) with the second term of
Eqn. (31) are used to calculate the coefficients # and ¢, 1%
It has been found that » = 1.03 and ¢ = 187.7 for the
theoretical value » = 1,2 x 1022 g~! and the ratio
u/N = 0.76 eV, obtained for the values u ~ 14 eV and
N =~ 18, which are typical for PPA, 117,118,130

Different types of paramagnetic centres should be
reflected in the shape of the ESR signal. For PPA at
room temperature, the signal consists of a superposition
of at least two lines with g = 2 and having comparable
intensities: one line has the width AH, = 5-8 G and the
other has AH, = 2-3 G. % The hyperfine structure (HFS)
of the first line resembles that of the PPA radical-anions
arising following electron transfer from alkali metal
atoms to PPA molecules ¥, The first line is apparently
associated with stable paramagnetic defects or CTC and
the second with thermally excited triplets, its small
width being due to the considerable delocalisation of the
triplet excitation over the macromolecule,

The problem of the relaxation of the ESR signal
intensity in CBP is of interest and its investigation can
yield useful information., The observed relaxation with
characteristic times of the order of tens of minutes or
hours is hardly associated with the intrinsic lifetimes of
the excited triplet states, as has been suggested 144,145
because there are at present no adequate grounds for
believing that these lifetimes are quite so long. The
relaxation of the ESR signal can be explained more
realistically by slow configurational distortions of the
macromolecular skeleton, which partly alter the degree
of bond conjugation.

In order to investigate this problem, a study was
made 1% of a polyene chain with randomly distorted bonds,
which have the resonance integrals

By =Bo(1—01gx), i=1,2 ...2N,

where xj are random numbers (0 < xj < 1)and ¢ > 0 is
the disorder parameter., Calculations by the method
described in Section IX showed that the parameter u,
determining the extent of triplet excitation [Eqgn. (22)],
decreases almost linearly with increasing ¢ at a rate
Au/Ag =~ -8, < 0, Using the dependence of 8, on ARj
(increase in the length of the ith bond) or on A@j (the angle
of rotation about the ith bond), estimates were made of the
chain deformation energies using familiar semiempirical
formulae 54,243, It was found that the thermal energy at
300-350 K is in principle sufficient for deformations of
macromolecules which lead to a change in the ESR signal
intensity by 15-309.
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The deformation energy may be transmitted to the
macromolecule from its environment and, according to the
change in the ESR signal, only the deformations of very
long molecules are appreciable, since only they contribute
appreciably to the paramagnetism. The observed relaxa-
tion time is therefore the time during which very long
molecules receive sufficient thermal energy and reach
thermodynamic equilibrium with the molecules of the
environment. The higher the temperature, the greater
should be the number of small defects in the continuous
conjugation chain, In other words, an increase of tem-
perature entails an increase of the degree of disorder g
and hence a decrease of #, since the contribution of
thermally excited triplet states to x{T') should increase
with 7 faster than predicted by Eqn. (30) with a constant
value of #u. The systematic discrepancies between
curves 3 and 4 in Fig. 10 for T > 250 K appear to confirm
this view.

XI. CATALYTIC ACTIVITY AND REACTIVITY OF CBP

The existence of triplet states with low excitation
energies makes it possible to re-examine the known facts
about the catalytic activity of CBP, 14¢-152 The catalytic
activity of small amounts of added CBP in the cis-tvans
isomerisation of dimethyl maleate !*® has been examined
theoretically %, During isomerisation, rotation about the
central double bond results in an increase of the energy of
the singlet state of the molecule and, in the vicinity of the
angles of rotation ¢ =~ 70° and 110°, the singlet state
intersects the triplet state, which has a significantly lower
energy in the vicinity of ¢ ~ 90° A transition to the
triplet state is therefore natural and this is interfered
with only by the strong prohibition as regards multiplicity.
When a long PCB molecule adjoins the molecule involved
in the cis~trans transformation, the overall multiplicity
of the complex may be conserved, provided that, simul-
taneously with the transition to the triplet state in the first
molecule, there is also a transition to the triplet state in
the CBP molecule ™3, As a result of the removal of
prohibition of change in multiplicity, there is a significant
increase (by a factor of 107) in the pre-exponential factor
in the expression for the rate of reaction, while the acti-
vation energy of the complex hardly changes and is given
by

u
Ea=Ez+n7—Vls,

where EJ is the activation energy for the non-catalytic
reaction, «/N the energy of the first triplet excitation
[Eqn.(22)], V,3 = 0.1-0.3 eV the exchange energy of the
interaction of two molecules of the complex, and 1 =~ 0.5

a coefficient which depends on the form of the intersection
of the energy surfaces. The following expression has been
obtained for the coefficient of the acceleration of the reac-
tion kpy or the reaction rates in the presence of the catalyst
(Weqt) and in its absence (Wp):

%y =W a0 /Wy = 107 exp (Vyo/kT) - exp (— u/2NKT). (32)

At T = 400 K with the chosen values of the parameters

Vis, 7, and u (Section X), we obtain kyy =~ 1010 X 10-160/¥
Molecules with N > 20 can therefore catalyse the reaction
at an appreciable rate. After averaging the quantity definec
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by Eqn. (32) with respect to MWD [Eqn. (24)], we obtain the
final expression for the acceleration coefficient 53;

2 \'/s s
% = 107 exp (Vy4/kT) - (5%?) - exp [— 2 (ﬁﬁ—) ]

For the chosen values of the parameters, k =~ 105,

CBP molecules with high values of N catalyse the
reaction either by the mechanism described above, without
the involvement of a paramagnetic steady state, or as a
result of the removal of prohibition of change in multi-
plicity in the presence of triplet species. The known
examples of catalysis on graphite and with participation of
CBP may be associated with both mechanisms. In terms
of the ideas which have been developed, the correlation
between the catalytic activity of CBP and their para-
magnetic properties is understandable. One can also
postulate that, in the presence of such correlation, the
catalytic reaction requires the removal of prohibition of
change in multiplicity. As an example, one may consider
the reaction

(33)

CHg—CH=CH, + H,0

CH,CHOHCH, - {CHSCOCH,-;»- H,

which is catalysed by CBP activated by charcoal and
graphite $*°, The reaction apparently proceeds via a
triplet state,

In conclusion, we shall consider the problem of the
reactivity of CBP in addition reactions. According to
a general postulate 54, the reactivity of 7 systems in such
reactions increases with increasing degree of conjugation.
However, deviations from this rule are known, for
example in reactions of the Diels—~Alder type, where
conjugation with the dienophile does not increase the
reactivity %5, It has also been suggested that the reactivity
of polyenes longer than butadiene in addition reactions
diminishes %6, despite the general postulate. Neverthe-
less, calculation on the model reaction involving the
addition of the methyl radical to a polyene confirmed the
validity of the general rule!?, It was found that the
stabilisation energy, which constitutes an effective reac-
tivity index in this reaction decreases monotonically,
tending to a definite limit as the length of the polyene
increases. The activation energy U also diminishes
monotonically, According to the experimental data,
U, = 8 kcal mole-? for the addition of the methyl radical
to ethylene and U, = 4.1 kcal mole™! for its addition to
butadiene. For a polyene with 20 carbon atoms, U,, =
1.8 kcal mole-?, 357 which is virtually equal to the limiting
value for the infinite polyene. One should note that the
Hiickel approximation was used in the calculation 87,
because the activation energy is related to the differences
between the total energies and the contribution of the
correlation energy to this difference is insignificant.

XII. THE MULTIPLICITY OF THE GROUND STATES
OF LARGE ALTERNANT ORGANIC MOLECULES WITH
CONJUGATED BONDS. ORGANIC FERROMAGNETIC
SUBSTANCES 158

In the first place, we shall specify more exactly what
is understood by an alternant system. If the conjugated
system is alternant, all its atoms can be divided into two
groups, A° and A*, in such a way that any A® atom has
only A* atoms as neighbours and any A* atom has only A°
neighbouring atoms. We assume that A° (or A*) atoms
may include chemically different atoms (C, N, O, etc.),
so that our definition of alternant conjugated systems is
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wider than the generally accepted definition in which only
conjugated hydrocarbons are considered,

When the problem of the multiplicity of the ground
states of alternant conjugated systems is examined, a
significant factor is, as shown by Bulaevskii 159, that the
description of conjugated hydrocarbons by the spin
Hamiltonian method is very exact when the ground state
of the system and the quasi-homeopolar excited states
with the lowest energies are considered. In order to
determine the energies of all these states, it is necessary
to find the spectrum of the Heisenberg Hamiltonian of the
molecule:

H=31,.(83. 1), 34
”2' 123 ( 121 4) ( )
where §p = (§;(, §3{, §7) is the spin operator (S = 1/2) of
the carbon atom with the index I, the summation is carried
out with respect to the neighbours ! and ',

1 1
Ip= D {((v — vi0)* + 1613:2) o (Vu — v}

and y,,, v, and B, are the usual parameters of the PPP
Hamiltonian, We may note that, for large distances
between atoms, we have v, < y;, and 8;, < y,; and in this
limiting state we obtain

I1a 545122/\'",

so that the Hamiltonian defined by Eqn. (34) assumes the
form defined by Eqn. (20). For the real parameters

11, and B+, the Hamiltonian defined by Eqn. (34) yields,
for example, an energy of the first triplet excitation of
benzene which differs by only 10% from the experimental
value or the energy calculated in terms of the PPP
approximation., This is in fact the accuracy of the spin
Hamiltonian method which we postulated.

For an alternant conjugated system with the Hamil-
tonian defined by Eqn. (34), it is possible to prove the
theorem that the ground state of such a system is non-
degenerate '8, In the derivation of this proof, which is
not described here, the Hamiltonian defined by Eqn. (34)
is expressed in the form

1 - - ALn
H= =S SIS7 + S7S0) + ) 1128154, (35)
Hie n
SE=87+i%,
where

1§ = 1§ = 1y >0,

and use is made of the ideas put forward by Lieb et al. 16°
and the fact that the system is alternant.

ig I;;} and [ ‘ﬁ} are now treated as independent para-

meters and it is assumed that Il‘i,’ = 0, we obtain from

Eqn. (35) the so called Ising Hamiltonian for which the
ground state is one with spins directed upwards in A°
atoms and downwards in A* atoms. If the number of A°
atoms is not equal to the number of A* atoms, then z—

the projection of the total spin of the system in the Ising
limit for the Hamiltonian defined by Eqn. (35) with 7 l‘;; =0—
will be non-zero and defined by the expression

B |npe —npe |
2 2
so that the total spin is

Npo —npel
s>‘¢E_A__

where n4 is the number of A atoms. Since according to
the above theorem the ground state is non-degenerate, the
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spin of the ground state will be the same whatever the
value of I;}) and Ij%). Hence it follows that, for the real

spin Hamiltonian defined by Eqn, (35) or (34), the ground
state will have the following total spin;
> el (36)

= >

as for the Ising Hamiltonian, Examination of different
examples showed that the following equality holds:

S:|"Ao‘—'"A-| ) (37)
2
Thus, in order to determine the spin of the ground state of
an alternant conjugated system, it is necessary to com-
pute the numbers n0 and na* and to use Eqn. (37).

I
x i
[ o * *

u b

Figure 11. The trimethylmethylene molecule: a) atoms
belonging to two groups, A* and A°; b) the arrangement
of spins in the atoms in the ground state in the Ising limit.

We shall now analyse several examples, In the Ising
limit, trimethylmethylene (Fig. 11a) has the configuration
in the ground state with the arrangement of spins illus-
trated in Fig. 116. Hence we have S = 1 for this molecule
[in conformity with Eqn, (37)] and not S = 2, because the
molecule can be obtained from an allyl radical (S = 1/2)
and a carbon atom (S = 1/2) [carbyne radical (Ed. of
Translation)] and, according to the moment addition rules,
the combined spin can be either zero or one. The only
possibility compatible with inequality (36) is S = 1.

£ S<lx §=0
a b

Figure 12, Hydrocarbon molecules having the total spins
S =1/2 {a) and S = 0 (&) in the ground state.

The molecules illustrated in Fig, 12 have the spins
S =1/2and S =0, The latter molecule is diamagnetic
despite the fact that it has no Kekulé structure, Conse-
quently an alternant molecule may not have a Kekulé
structure and may be diamagnetic in the ground state.

Fig. 13 illustrates three isomeric hydrocarbons:
(a) Chichibabin's hydrocarbon which Syrkin and Dyatkina?6!
showed both experimentally and theoretically to be dia-
magnetic in the ground state but which has a small energy
of excitation to the triplet state; (b) the Schlenk—Brauns
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hydrocarbon, which is firmly believed (according to the
literature) to be a biradical, i.e. it has § = 1 in the ground
state. This conflicts with our prediction, according to
which this molecule should have S = 0 in the ground state.
Hydrocarbons (a) and (b) have planes of symmetry with
respect to the replacement of A* atoms by A° atoms, like
the hydrocarbon illustrated in Fig. 126. In the presence
of such symmetry, the ground state always has S = 0,
The third hydrocarbon (Fig. 13¢), which does not have
such symmetry, should have S = 1 in the ground state
according to Eqn, (37).

Figure 13, Large isomeric molecules: a) Chichibabin's
hydrocarbon; b) Schlenk-Brauns hydrocarbon; c¢) hydro -
carbon in which the number of atoms in one group is not
equal to that in the other,

Next, Leo's triradical (Fig. 14) should have S = 3/2
in the ground state according to Eqn. (37). The condensed
aromatic system illustrated in Fig. 15 has a total spin
S = (L - 1)/2 which depends on the number of rows L
(with increasing number of rings in each succeeding row)
(the fragment illustrated in Fig,15 has L =5 and S = 2),
Other examples of polyradicals can be found in Bucha-
chenko's book 162,

We shall now consider polymeric systems the total
spin of which is proportional to their size. If these
systems are synthesised, they will prove to be organic
ferromagnetic substances, This can be seen from the
preceding examples, one of which is discussed in
Section IV; an unusual feature of these ferromagnetic
substances is that the spins at neighbouring atoms are
opposed, so that the spin order is the same as in an
antiferromagnetic substance. However, the total number
of atoms with the spins directed upwards is not equal to
the number of atoms with the spins directed downwards
and the difference between these numbers increases mono-
tonically with increase in the size of the system; the
total spin of the system is therefore proportional to its
size. Fig. 16 illustrates several polymeric systems of
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this kind. Either bivalent O, S, etc. atoms or some other

stabilising groups can be selected as the substituent R.
These systems are not hydrocarbons, but the above
claims are valid also for alternant systems with hetero-
atoms.

§=93

Figure 14, Leo’s triradical.

§=2

Figure 15. A triangular condensed aromatic system
containing L rows of rings (L = 5).

Figure 16. Macromolecules of hydrocarbons with
periodically inserted heteroatoms (R = 0 or S).

Fig. 17 presents examples of two-dimensional infinite
systems in which the total spin in the ground state is
infinite: these are also ferromagnetic substances. The
above systems can be constructed from the graphite
network having replaced some of the carbon atoms by
boron or nitrogen atoms. We may note that the graphite
networks with boron atoms inserted at random have been

Russian Chemical Reviews, 46 (10), 1977

known for a long time. The synthesis of all the structures
of the above type will give rise to organic ferromagnetic
substances.

Figure 17, Two-dimensional structures obtained from the
graphite structure by the replacement of the designated
carbons atoms by boron or nitrogen atoms.

S=0 S=0 S=1
a b c

Figure 18, The fulvene molecule (a) and two alternant
molecules obtained from the latter on dissociation of
different bonds of the five-membered ring with S = 0 (6)
and S =1 (c),

The above theorems are invalid for non-alternant
systems. However, some conclusions can be reached
about them also. Consider, for example, the fulvene
molecule (Fig, 18a), Its ground state has the spin S = 0,
which has been demonstrated experimentally and by
calculations. On opening the ring (Fig. 1864), the molecule
is converted into a linear alternant system where the spin
in the ground state is S = 0, while for another mode of
ring opening (Fig. 18¢) fulvene is converted into an
alternant system with S = 1 in the ground state, Thus,
using the ideas developed above, one may predict thatthe
ring opening reaction in the 6 molecule may occur under
thermal conditions, while that in the ¢ molecule may occur
with excitation to the triplet state, i.e. photochemically.

REFERENCES

1, I.A,Misurkin and A, A, Ovchinnikov, Uspekhi Khim.,
43, 2195 (1974) [Russ. Chem, Rev., No. 12 (1974)].

2. I.A.Misurkin and A, A, Ovchinnikov, Uspekhi Khim.,

44, 393 (1975) [Russ. Chem.Rev., No.3 (1975)].

J.R. Platt, J. Theoret. Biol., 1, 342 (1961).

W. A, Little, Phys.Rev., 134, A1416 (1964),

J. Ferraris, D,O. Cowan, V,Walatka, and

J. H. Peristein, J.Amer. Chem,Soc., 95, 948 (1973).

6. L.B.Coleman, M.J, Cohen, D.J.Sandman,
F.G.Yamagishi, A.F.Garito, and A. J. Heeger,
Sol. State Comm,, 12, 1125 (1973).

I



Russian Chemical Reviews, 46 (10), 1977

1.

10,
12,

13.
14,

15,

16.

17,

18,
19,
20,
21.
22,

23.

24,
25.
26,
28,

29,

30,
31.

32,

33.

34.
35.
36.

31,
38.

V.E.Klimenko, V.Ya.Krivnov, A, A, Ovchinnikov,

L I. Ukrainskii, and A, F,Shvets, Zhur. Eksper.

Teor. Fiz., 69, 240 (1975).

V.Ya.Krivnov and A. A, Ovchinnikov, Pis'ma v

Zhur. Eksper. Teor. Fiz., 21, 696 (1975).

H. Bethe, Z.Phys., 71, 205 (1931).

L. Hulten, Ark.Mat. Astron. Fys., A26, No. 11 (1938).
K. Orbach, Phys.Rev., 112, 309 (1958).

J.des Cloizeaux and J. J. Pearson, Phys.Rev,,
2131 (1962),

R. B.Griffith, Phys.Rev,,
Ya. M. Paushkin,
and S. A, Nizova,

128

3

133, 1768 (1964).
T.P.Vishnyakova, A.F. Lunin,
“Organicheskie Polymernye

Poluprovodniki” (Organic Polymeric Semiconductors),

Izd.Khimiya, Moscow, 1971,

V.A.Kargin (Editor), & Organicheskie Poluprovod-
niki” (Organic Semlconductors) Izd. Nauka,
Moscow, 1968,

E. M, Shustorovich, “Elektronnoe Stroenie
Polimernykh Molekul s Kratnymi Svyazyami

v Osnovnoi Tsepi” (The Electronic Structure of
Polymeric Molecules with Multiple Bonds in the
Main Chain), Izd, Nauka, Moscow, 1967,

A.N. Terenin, “Fotonika Molekul Krasitelei”

(The Photonics of Dye Molecules), Izd, Nauka,
Leningrad, 1967.

K. Krogmann, Angew. Chem.,
(1969),

H.R. Zeller, in “ Festkorperprobleme” (Edited by

H. J.Queisser, Pergamon Press, New York, Vol. 13,
1973.

R. M. Metzger, J. Chem. Phys., 63, 5090 (1975).

R. L.Greene, G. B.Street, and L. J.Suter, Phys.
Rev, Letters, 34, 577 (1975).

W.E, Rudge and P.M. Crant, Phys.Rev, Letters, 35,
1799 (1975).

C.Sauteret, J.-P.Hermann, R. Frey, F, Prasere,
J.Ducuing, R.H. Baughman, and R.R. Chance,

Phys. Rev. Letters, 36, 956 (1976).

R. H. Baughman, J.Polymer Sci., Polymer Phys.Ed.,
12, 1511 (1974).

R. H. Baughman and E, Turi, J.Polymer Sci.,
mer Phys.Ed., 11, 2453 (1973).

G.Wegner, Chimia, 28, 475 (1974).

J.E. Lennard-Jones, Proc. Roy. Soc., A158, 280
(1937).

C.A, Coulson, Proc.Roy.Soc., A164, 383 (1938).
L.G.S. Broocker, R. H,Sprague, C,P.Smyth, and
G. L. Lewis, J. Amer.Chem.Soc., 62, 1116 (1940).
.S, Broocker and R. H. Sprague J Amer, Chem,
, 63, 3214 (1941).

S Broocker G.H.Keyes, and W.W.Williams,
mer. Chem. Soc.,, 64, 199 (1942).

.S.Broocker, A. L. Sklar H.W.J.Cressman,
.Keyes, L. A Smith, R. H Sprague,

an Lare, G.van Zandt F. L.White, and
Wllhams J.Amer, Chem Soc., 67 1875

Int. Ed. Engl., 8, 35

Poly-

w0 -
>
(%]

).
.S, Broocker, R, H.Sprague, and
.. Cressman J.Amer, Chem, Soc., 67, 1889

).

.S. Broocker, F.L.White, and R. H. Sprague,

mer. Chem. Soc 73, 1087 (1951).

.S. Broocker, G H, Keyes and D. W, Heseltine,
Amer Chem. Soc 73, 5350 (1951).

J.R.Platt, J. Chem. Phys., 25, 80 (1956).

M. J, Dewar, J.Chem.Soc., 3544 (1952),

F.Sondheimer, Accounts Chem.Res., 5, 81 (1972),

“h“ﬁﬁmbcémﬁh“hmﬁ
=

39,
40,

41,
43.
44,
45.
4‘7

48,
49.
50.
51.
52.
53.
54.
55,
56.

51.
58.

59.
60,
61.
62.

63.
64,

65,

66,
67,
68,

69.

70,

72.
73.

985

J.N. Murrell, “The Theory of the Electronic
Spectra of Organic Molecules”, John Wiley,
London-New York, 1964.

H.D. Forsterling, “Report of IInd Intern.
Farbensymposium der optischen Anregung
organischer Systeme, Elmau, 1964.
R.S.Mulliken, J, Chem. Phys., 7, 121 (1938).
R.S.Mulliken, J, Chem, Phys., 7, 364 (1938),

H. Kuhn, Helv. Chim,Acta, 31, 1441 (1948).

N, S. Bayliss, J.Chem, Phys., 16, 287 (1948).
H.Kuhn, Chimia, 2, 1 (1948).

H. Kuhn, J. Chem. Phys., 17, 1198 (1949).

M. Tsuji, S, Huzinaga, and T. Hasino, Rev. Mod.
Phys., 32, 425 (1960).

R, E. Peierls, “Quantum Theory of Solids”
(Translated into Russian), Inostr, Lit., Moscow,
1956,

J. Goshika, J. Phys. Soc. Japan, 12, 1246 (1957).
H. Labhart, J. Chem, Phys., 27, 957 (1957).

H. C. Longuet-Higgins and L.Salem, Proc.Roy.
Soc., A251, 172 (1959),

I. A, Misurkin and A, A, Ovchinnikov, Vysokomol.
Soed,, 6, 1016 (1964).

I. A. Misurkin and A, A, Ovchinnikov, Optika i
Spektrosk,, 16, 228 (1964),

I. A, Misurkin and A. A, Ovchinnikov, Zhur. Strukt,
Khim., 5, 888 (1964).

C. Coulson and A, Golebievski,
1314 (1961).

O.W, Adams and R. L. Miller, J.Amer. Chem. Soc.,
88, 404 (1966).

L.S. Forster, Theoret. Chim, Acta, 5, 81 (1966).

E. M. Shustorovich and N. A, Popov, Symposium,
“Radiospektroskopicheskie i Kvantovokhimicheskie
Metody v Strukturnykh Issledovaniyakh” (Microwave
Spectroscopic and Quantum-Chemical Methods in
Structural Studies), Izd. Nauka, Moscow, 1967.
J.Bregman, F.L.Hirshfeld, D.Rabinovich,

and G, M. J.Schmidt, Acta Cryst., 19, 235 (1965).
C.Weiss and M. Gouterman, J.Chem. Phys., 43,
1839 (1965).

R. L. Hummel and K.Rudenberg, J.Phys.Chem.,
66, 2334 (1962),

J.-M. Andre and G. Leroy, Int.J.Quant.Chem., 5,
557 (1971).

L I Ukrainskii, Theoret. Chim, Acta, 38, 139 (1975).
K. Kitaura and K. Nishimoto, Theoret. Chim. Acta,
28, 111 (1973).

M. M. Mestechkin, Symposium, “Stroenie Molekul
i Kvantovaya Khimiya” (Molecular Structure and
Quantum Chemistry), Izd. Naukova Dumka, Kiev,
1970, p. 111,

Y.Mizuno and T, Izuyama, Progr.Theor. Phys., 21,
593 (1959).

T.Izuyama, Progr.Theor. Phys., 22, 681 (1959),
I. A, Misurkin, Candidate's Thesis, Institute of
Chemical Physics of the USSR Academy of Sciences,
Moscow, 1967,

P. 0. Lowdin, “Symposium on Molecular Physics,
International Conference on Theoretical Physics,
Nikko, Japan, 1953”; Tokyo, 1954,

P.O. Lowdin, Phys.Rev,, 97, 1509 (1955).

E. A.Hyleraas, Z.Phys., 54, 347 (1929).
S.Weinbaum, J.Chem, Phys., 1, 593 (1933),

P.O, Lowdin, in “Quantum Theory of Atoms,
Molecules, and the Solid State (a Tribute to

John C.Slater)”, Acad.Press, New York-London,
1966,

Proc. Phys.Soc., 78,



986

74.

84.

85.
86.

87.
88.
89,
90.
91.

92,
93.

94,
96,
91.

98.
99,

100,
101.

102,
103.
104.
105,

106,

107.

108.

109,

110,

J.des Cloizeaux, J.Phys.Radium, 20, 606 (1959).
J.des Cloizeaux, J.Phys.Radium, 20, 751 (1959).
J. L. Calais, Arkiv Fysik, 28, 479 (1965).

J. L. Calais, Arkiv Fysik, 28, 511 (1965).

J. L, Calais and G.Sperber, Int.J,Quant, Chem., 7,
501 (1973).

R. Pauncz, “Alternant Molecular Orbital Method”,

W. B.Saunders Company, Philadelphia, 1967.

E.Kapuy, Theoret. Chim, Acta, 3, 379 (1965).

E.G. Larson, Int.J.Quant, Chem., 2, 75 (1968),

E.G. Larson, Int.J.Quant. Chem., 2, 83 (1968).

I. A.Misurkin and A. A, Ovchinnikov, Pis'ma v Zhur.

Eksper, Teor. Fiz., 4, 248 (1966),

I. A, Misurkin and A. A, Ovchinnikov, Pis'ma v Zhur.

Eksper. Teor. Fiz., 3, 431 (1967),

J. Hubbard, Proc.Roy.Soc., A277, 239 (1964).

I. A. Misurkin and A. A, Ovchinnikov, Teor.Eksper.
Khim., 12, 291 (1976).

D. Bloor, F.H.Preston, and D. J. Ando, Chem.
Phys. Letters, 38, 33 (1976).

G.de Vries and T.Klart, Rec.Trav.chim., 84, 184
(1965),

N.Schermann and G. Wegner, Makromol. Chem.,
175, 667 (1974).

I. A, Misurkin and A, A, Ovchinnikov, Teor.

Eksper. Khim,, 8, 291 (1972),

I, A. Misurkin and A, A. Ovchinnikov, Mol. Phys., 27,
237 (1974).

M. Rosenberg, Mol. Phys., 30, 1037 (1975).

I. A, Misurkin and A, A, Ovchinnikov, Teor.Eksper.
Khim., 4, 3 (1968).

K. F.G. Paulus, Mol, Phys., 10, 381 (1966).

N.A.Popov. Zhur,Strukt. Khim., 10, 533 (1969).

L, Falikov.and R, J. Harris, J. Chem. Phys., 51,
3153 (1969).

V.Ya.Krivnov, L A, Misurkin, A. A, Ovchinnikov,
and A, F, Shvets, Fiz.Metall. i Metallov., 39, 250
(1975).

H. Fukutome, Progr. Theor. Phys., 40, 1227 (1968).
I. Fischer-Hjalmars, in Symposium, “Sovremen-
naya Kvantovaya Khimiya” (Modern Quantum
Chemistry) (Translated into Russian), Izd. Mir,
Moscow, 1968, Vol, 1, p. 189,

K. Ohno, Theoret, Chim, Acta, 2, 219 (1964).

K. Nishimoto and N. Mataga, Z.Phys. Chem., 13, 140
(1957).

1. A, Misurkin and A, A, Ovchinnikov, Theoret, Chim.
Acta, 13, 115 (1969).

R. Pariser, J,Chem.Phys., 24, 250 (1956).
L.Salem and H. Longuett-Higgins, Proc.Roy.Soc.,
A255, 435 (1960),

A. A, Belyi and A, A, Ovchinnikov, Symposium,

“ Fizika Molekul” (The Physics of Molecules), Izd.
Naukova Dumka, Kiev, 1976, No. 3.

A, M, Sladkov, V.I. Kasatochkin, Yu. P.Kudryavtsev,
and V. V.Korshak, Izv. Akad, Nauk SSSR, Ser.Khim.,
2697 (1968).

A, M,Sladkov and Yu. P.Kudryavtsev, Priroda,
No.5, 88 (1964).

V.I.Kasatochkin, A, M. Sladkov, Yu.P.Kudryavtsev,
N. M, Popov, and V.V.Korshak, Dokl. Akad. Nauk
SSSR, 177, 358 (1967).

V.I.Kasatochkin, M. E.Kazakov, Yu.P.Kudryavtsev,
A. M. Sladkov, and V.V.Korshak, Dokl. Akad. Nauk
SSSR, 183, 109 (1968).

V.1 Kasatochkin, T.M. Babchintser, Yu.P.Kudryav-
tsev, A.M.Sladkov, and V.V.Korshak, Dokl Akad.
Nauk SSSR, 184, 353 (1969).

111,

112,

113.

114,

115,
116,
117,
118,

119,

120.
121,
122,
123,
124,
125,
126.
127,
128,
129,
130,
131,
132,
133.

134,

135,

136.
137,
138,
139,
140,
141,

142,

Russian Chemical Reviews, 46 (10), 1977

V.l Kasatochkin, V.V.Savranskii, B.N.Smirnov,
and V. M. Mel'nichenko, Dokl. Akad. Nauk SSSR, 217,
796 (1974).

V. I Kasatochkin, V.V.Korshak, Yu, P.Kudryavtsev,
A, M., Sladkov, and V.M. Elizen, Dokl. Akad. Nauk
SSSR, 214, 587 (1974).

E. M. Shustorovich and N, A, Popov, Zhur. Strukt.
Khim., 6, 596 (1965).

A, Streitwieser, “Molecular Orbital Theory for
Organic Chemists” (Translated into Russian), Izd.
Mir, Moscow, 1965.

I. A, Misurkin and A. A, Ovchinnikov, Ortika i
Spektrosk., 30, 616 (1971).

I. A.Misurkin, Optika i Spektrosk., 34, 617 (1975).
I. A, Misurkin, A, A, Ovchinnikov, and

G. A.Vinogradov, Int.J.Quant. Chem., 9, 605
(1975).

I. A, Misurkin, G. A, Vinogradov, and A, A, Ovchinni-
kov, Teor.Eksper.Khim., 10, 732 (1974),

S.V. Tyablikov, “Metody Kvantovoi Teorii
Magnetizma” (Methods of the Quantum Theory of
Magnetism), Izd. Nauka, Moscow, 1965,

L, N. Bulaevskii, Zhur. Eksper. Teor. Fiz., 51, 230
(1966).

L, N, Bulaevskii, Teor, Eksper.Khim., 4, 12 (1968).
W, Kohn, Phys.Rev., 133, A171 (1964).

A. A, Ovchinnikov, I, I Ukrainskii, and

G. F.Kventsel’, Uspekhi Fiz, Nauk, 108, 81 (1972).
M.Gaudin, Phys. Letters, A24, 55 (1967).
C.N.Yang, Phys.Rev, Letters, 19, 1312 (1967).
E.H, Lieb and E. Y, Wu, Phys.Rev. Letters, 20,
1445 (1968).

B, Johansson and K. F., Berggren, Phys.Rev., 181,
855 (1969).

A, A, Ovchinnikov, Zhur, Eksper. Teor. Fiz., 57
2137 (1969),

E. Land, A, Sykes, and T, Trustcot, Chem. Comm.,
332 (1970).

A.A,Berlin, G. A.Vinogradov, and A. A, Ovchinnikov,
Optika i Spektrosk., 36, 611 (1974).

A, A, Berlin, V.M, Kobryanskii, and V, M. Misin,
Vysokomol. Soed., 14B, 668 (1972).

I. A, Misurkin and A, A, Ovchinnikov, Fiz.Tverd.
Tela, 12, 2524 (1970).

I. A, Misurkin and A. A, Ovchinnikov, Optika i
Spektrosk,, 24, 849 (1968).

I. A, Misurkin, G, A, Vinogradov, and

A. A, Ovchinnikov, Teor.Eksper, Khim., 10, 723
(1974).

L. A, Blyumenfel’d, V.V, Voevodskii, and
A.G.Semenov, “Primenenie Elektronnogo
Paramagnitnogo Rezonansa v Khimii” (Chemical
Applications of Electron Spin Resonance), Izd.

Sibir. Otd. Akad. Nauk SSSR, Novosibirsk, 1962,

G. A.Vinogradov, I, A, Misurkin, and A. A, Ovchin-
nikov, Teor.Eksper.Khim., 12, 723 (1978),

J. A, Pople and S, H.Walmsley, Trans. Faraday Soc.,
58, 441 (1962),

G. Holob, P.Erlich, and R. D, Allendorfer,
Macromolecules, 5, 569 (1972).

D, Bloor, D. J.Ando, F.H. Preston, and G.C.Stevens,
Chem, Phys. Letters, 24, 407 (1974),
V.A,Benderskii and L. A, Blyumenfel'd, Dokl. Akad.
Nauk SSSR, 144, 813 (1962),

L. A. Blyumenfel’d, and V. A, Benderskii, Zhur,
Strukt. Khim., 4, 405 (1963).

A.A, Berlin, Khim, i Tekhnol, Polimerov, No.7-8,
139 (1960).

’



Russian Chemical Reviews, 46 (10), 1977

143.

144,
145,

146,

147,

148,

149,

150,

151,

152,

V.G.Dashevskii, “ Conformatsii Organicheskikh
Molekul” (Conformations of Organic Molecules),

Izd. Khimiya, Moscow, 1974.

A A, Berlin, G. A.Vinogradov, and A, A, Ovchinnikov,
Izv. Akad. Nauk SSSR, Ser.Khim., 1398 (1971).

A A, Berlin, G, A, Vinogradov, and A, A, Ovchinnikov,
Int. J. Quant, Chem,, 6, 263 (1972),

A.A.Berlin, L.S, Lyubchenko, V. P, Strigutskii,
V.E. Basin, V. A.Grigorovskaya, and R, M, Aseeva,
“IV Simpozium 'Polimery-73°, Varna, 1973”

(The IVth Symposium “Polymers-73”, Varna,

1973), p. 429

L.S. Lyubchenko, V.M. Kobryanskii, and

A.A, Berlin, “IV Simpozium 'Polimery-73', Varna,
1973” (The IVth Symposium “Polymers-73”, Varna,
1973), p. 444.

A.A.Berlin and L, A. Blyumenfel'd, Izv, Akad, Nauk
SSSR, Ser.Khim., 1720 (1964),

A, A, Berlin, V, P, Parini, and K. Al'manbetov,

Dokl. Akad. Nauk SSSR, 166, 595 (1966).

Ya. M., Paushkin, L. M. Burova, A.M. Sladkov,

V. M. Nepochatykh, Yu.P.Kudryavtsev, and
V.V.Korshak, Dokl. Akad. Nauk SSSR, 180, 622
(1968).

Ya. M. Paushkin, L S.Panidi, N.V.Ryabtseva,

A, M.Sladkov, and Yu. P, Kudryavtsev, Dokl, Akad.
Nauk SSSR, 195, 101 (1970).

A.8S,Kazanskaya, N.V.Ryabtseva, 1.S. Panidi,

Ya. M. Paushkin, A.M. Sladkov, and Yu. P.Kudryavt-
sev, Dokl. Akad. Nauk SSSR, 198, 629 (1971),

153.

154,

155,

156,

157,

158,

159,
160,
161,

162.

987

A, A, Berlin, G. A, Vinogradov, and A. A, Ovchinni-
kov, Izv, Akad. Nauk SSSR, Ser,Khim., 2197 (1976).
Kh, S, Bagdasar'yan, “Teoriya Radikal’noi
Polimerizatsii” (Theory of Radical Polymerisation),
Izd. Nauka, Moscow, 1966.

M. V. Bazilevskii, “Metod Molekulyarnykh Orbit i
Reaktsionnaya Sposobnost® Organicheskikh
Molekul” (The Molecular Orbital Method and
Reactivity of Organic Molecules), Izd. Khimiya,
Moscow, 1969.

B. A.Dolgoplosk, S.I, Beilin, and I. N, Markevich,
Vysokomol. Soed., 13A, 1278 (1971).

A, A, Ovchinnikov and V., A, Tikhomirov, Kinetika i
Kataliz, 15, 508 (1974).

A, A, Ovchinnikov, Dokl, Akad. Nauk SSSR, 236, 149
(1977).

L. N, Bulaevskii, Zhur. Eksper. Teor. Fiz., 51, 230
(1966).

E, Lieb, T.Schultz, and D. Mattis, Ann. Phys.,

16, 407 (1961).

I.D.Morozova and M. E, Dyatkina, Uspekhi Khim,,
37, 865 (1968) [Russ, Chem.Rev., No.5 (1968)].

A. L. Buchachenko, “Stabil'nye Radikaly” (Stable
Radicals), Izd.Akad. Nauk SSSR, Moscow, 1963.

Karpov Physicochemical Institute,
Moscow



