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Synopsis. The charge-transfer interaction between
ion radicals in crystalline ion radical salts was examined
‘'with one-dimensional Hubbard model. The intensity of
charge-transfer absorption in crystal electronic spectra was
estimated with both simple and complex ion radical salts.
This approach was then applied to simple cation radical
salt of Phenothiazinet*Br- and complex cation radical salt
of (Phenothiazine),** Br-.

Much attention has been paid to the charge-transfer
interaction in one-dimensional system of crystalline ion
radical salts.!=% In simple ion radical salts where each
ion radical carries one unpaired electron, the planar
ion radical molecules are known to form, in them-
selves, a plane-to-plane stacking into one-dimensional
column so as to make a large overlap between their
half-occupied molecular orbitals. The electronic spec-
trum of crystalline simple salt differs distinctly from
the monomer spectrum of the radical ion, but shows
a charge-transfer transition between ion radicals in
the low-energy region.!~4 On the other hand, in crys-
talline complex ion radical salts, ion-radical and its
parent neutral molecules are known to stack together
to form regular one-dimensional column, where each
molecular site is occupied by less-than-one unpaired
electron. The electronic spectrum of complex salt is
somewhat different from that of simple salt. Usually,
the spectrum of complex salt shows two kinds of charge-
transfer absorptions.»»® One arises from the electronic
transition between ion radical and its parent neutral
molecule, and the other, from the electronic transition
between ion radicals. Although the latter transition
is similar to the charge-transfer transition in simple
salt, there may be a marked difference in the absorp-
tion intensity. In the present paper, we shall derive
the absorption intensity of the charge-transfer transi-
tion between ion radicals in simple and complex ion
radical salts and apply it to certain ion radical salts.

First, we consider the charge-transfer absorption in
simple ion radical salts. In previous papers,® we ap-
plied the one-dimensional half-occupied Hubbard model
to the segregated column of ion radicals. This model
is a simplification of the real crystal and is expressed
by two parameters I and 7. 7T(<0) is the transfer
matrix element which describes hopping of an unpaired
electron between adjacent molecular ion radical sites,
while I(>0) is the on-site Coulomb repulsion be-
tween two electrons with up and down spins on the
same molecule. This model can well explain the
reason why the absorption due to the charge-transfer
transition between ion radicals is observable in simple
ion radical salts. The previous paper described that
the total intensity of the charge-transfer absorption
per unit volume, 4, was given by?®
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where n is the number of one-dimensional columns
per unit area perpendicular to the column axis, e is
the electric charge, a is the lattice separation in one-
dimensional column and {=2T7/I. Hereafter, we only
consider the case of |#|—0 limit and neglect the terms
higher than ¢* in Eq. 1. Then, we obtain
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Since a is the lattice separation, (1/a) gives the number
of sites per unit length in one-dimensional column.
Therefore, (nfa) in Eq. 2 gives the number of sites
(ion radical molecules) per unit volume in crystalline
ion radical salt, being denoted by N=n/a. Then, 4
is expressed by A=Nme2a?T?/I. Note that N is also
equal to the number of unpaired electrons, because
each ion radical carries one unpaired electron. The
magnitude of 4 is rewritten by A= Nme2a?]/2, where
J=2T?I is an antiferromagnetic spin exchange
parameter between adjacent unpaired electrons in
one-dimensional column.®

It has been experimentally known that the charge-
transfer interaction between ion radicals gives an
antiferromagnetic Heisenberg chain of ion radical salt
and that those ion radical salts which possess large
J values show strong charge-transfer absorption in-
tensities.?) 'These experimental results can be well
understood in terms of A=Nne?a?J/2. Here, A is
proportional not only to the number of unpaired
electrons, N, in the system but also to the magnitude
of J. The latter can be explained in the following
way. Since the charge-transfer interaction occurs
mostly between adjacent ion radicals, the charge-
transfer transition can only take place if the unpaired
electrons of adjacent ion radicals in the ground state
are antiparallel. In this case, the charge-transfer
excited state corresponds to occupation of two electrons
with up and down spins on the same site of ion rad-
ical molecule. If the unpaired electrons of adjacent
ion radicals in the ground state are parallel, the
charge-transfer transition is forbidden because of Pauli’s
exclusion principle. Thus, the absorption intensity of
charge-transfer transition is closely related to the
strength for aligning two unpaired electron spins of
adjacent ion radicals antiparallel, and this strength
corresponds to the magnitude of J.

On the basis of this discussion, we consider the
charge-transfer transition between ion radicals in com-
plex ion radical salts. As was mentioned, we assume
a regular one-dimensional column composed of ion
radical and its parent neutral molecule. Each mole-
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cular site is occupied by less-than-one unpaired elec-
tron, the average number of unpaired electron per
site being denoted by p, (0<p<1). Then, we can
apply one-dimensional less-than-half occupied Hubbard
model to such a column. Here, we again use the
parameters of I, T and a, which are common to those
used in half-occupied Hubbard model. If we denote
N as the total number of molecular sites (ion radicals-4
parent neutral molecules), the number of unpaired
electrons is given by Np. As for the spin exchange
interaction, Shiba and Klein-Seitz have shown that
the magnetic susceptibility of a uniform stack of less-
than-half occupied molecules (p<1) is related to the
magnetic susceptibility of a uniform stack of half-
occupied molecules (¢ =1) in simple ion radical salts.®?
If the value of I is much larger than that of | T|,
the less-than-half occupied one-dimensional Hubbard
model becomes equivalent to an antiferromagnetic
Heisenberg chain with exchange interaction,

2T%p (. sin 27zp)
"2 ) 3)

As was mentioned, the absorption intensity of charge-
transfer transition between ion radicals is proportional
not only to the number of unpaired electrons but also
to the magnitude of J. If we apply this approach to
the absorption intensity, 4, of less-than-half occupied
system of complex ion radical salts, we have AcNp [
=(2NT?2p%I)(1—sin 2np[(2np)). As our model re-
quires, if p=1, A4 should become identical with
Nre?a?T?/I in simple ion radical salts. This condition
means that 4 of complex ion radical salts is given by
A=(Nre*a*T?p?1I)(1 —sin 2np[(2np)). In this equa-
tion, if p—0, that is, if average unpaired electron
density approaches zero, the magnitude of A4 tends
to zero, and we can observe no charge-transfer ab-
sorption in such a system. The value of 4 becomes
greatest at p=1, so that we obtain maximum intensity
of the charge-transfer absorption in simple ion radical
salt. On the other hand, if |7|—0, that is, if no
charge-transfer interaction acts between adjacent ion
radicals, the magnitude of 4 also tends to zero, and
no charge-transfer absorption appears in such a case.

Let us apply this approach to certain crystalline
ion radical salts. For example, we take a simple

J=
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cation radical salt of Phenothiazinet- Br~ and a com-
plex cation radical salt of (Phenothiazine),t- Br—. - The
crystal electronic spectrum of the simple salt was meas-
ured by the present author,? while that of the complex
salt, by Doi and Matsunaga.?) The simple salt shows
a strong low-energy band at 12900 cm~!, which was
assigned to the charge-transfer transition between pheno-
thiazine cation radicals.¥) The one-dimensional half-
occupied Hubbard model was applied to the system
of the simple salt, and the parameter values of /=
12900 cm—! and 7T=—2500 cm~! were estimated. On
the other hand, the complex salt shows two charge-
transfer absorptions at 5200 cm~! and 12600 cm—1.%)
The former was assigned to the transition from neutral
phenothiazine to its cation radical, while the latter,
to the transition between the cation radicals. We dis-
cuss only the latter absorption. Application of regular
one-dimensional less-than-half occupied Hubbard model
to the complex salt gave values of 7=12900 cm1,

=—2500 cm™ and p=1/249 We denote the inten-
sities of the charge-transfer absorptions per mol for the
simple and complex salts as A(simple) and A(complex),
respectively. The molecular sites per mol for the sim-
ple and complex salts are N=N, (Avogadro’s number)
and N=2N,, respectively. As for the lattice separa-~
tion, we have no data on the crystal structures, and
assume common value of a for both the salts. By
putting those parameter values into the equation of
4, the ratio of A(complex)/A(simple) was calculated
as 1/2. Therefore, the intensity of the charge-transfer
absorption of the complex salt at 12600 cm~! appears
to be half of that of the simple salt at 12900 cm—1.
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