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Synopsis. Although predominant cohesive energy
is Madelung energy, the ground state of crystalline complex
ion radical salt is further stabilized by the charge-transfer
interaction between neutral molecule and ion radical, tc-
gether with that between ion radicals. The magnitude of
this stabilization energy was estimated with (Phenothia-
zine),+ Br-.

In crystalline simple ion radical salts, the planar
ion radical molecules are known to form, in themselves,
a segregated stacking into columns so as to make a
large overlap between their half-occupied molecular
orbitals.))?  Much attention has been paid to the prom-
inent optical and magnetic properties of such ion
radical salts.’=® 1In their optical properties, charge-
transfer absorption due to the transition of unpaired
electron between ion radical molecules appear in the
low-energy region. As for the magnetic properties,
antiferromagnetic spin exchange interaction acts be-
tween adjacent ion radicals, so that such a salt is con-
sidered as one-dimensional Heisenberg antifferomagnet.
In previous papers,®® we applied one-dimensional
half-occupied Hubbard model to the segregated stack
of ion radical molecules. This model is a simplifica-
tion of the real crystal and is described by two param-
eters I and 7. T7(<0) is the transfer matrix element
of an unpaired electron which describes hopping be-
tween adjacent molecular ion radical sites, while 7
is the on-site Coulomb repulsion between two electrons
with up and down spins on the same molecule. This
model could well explain the reason why the charge-
transfer absorption is observable in such ion radical
salts.?)? The applicability of the Hubbard model is
further justified by the fact that the one-dimensional
half-occupied Hubbard model with I»|7T| becomes
equivalent to one-dimensional Heisenberg antiferro-
magnet with exchange interaction J=272/[.7) Then,
the ground-state energy of the one-dimensional system
of ion radicals can be given by E=-—2NJIn 2=
—(4NT?I)In2, where N-—oco is the number of
ion radical molecules in the one-dimensional system.3)
This energy stabilization is caused by the charge-
transfer interaction between unpaired electrons of ad-
jacent ion radicals through non-zero |T'| value in
segregated stack of ion radicals.

So far, we have considered simple ion radical salts,
where each ion radical carries one unpaired electron.
In the case of crystalline complex ion radical salts,
the ion-radical and parent neutral molecules are known
to stack together to form regular one-dimensional
column, where each molecular site is occupied by
less-than-one electron.4=® Then, we can apply reg-
ular one-dimensional less-than-half occupied Hubbard
model to the segregated stack composed of ion-radical
and neutral molecules in crystalline complex ion radi-
cal salts. Shiba and Klein-Seitz have shown that

the magnetic susceptibility of a uniform stack of less-
than-half occupied molecules (average number of un-
paired electrons per site is p<1) is related to the
magnetic susceptibility of a uniform stack of half-
occupied molecules (p=1) in simple ion radical
salt.8® 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 antiferro-
magnetic Heisenberg chain with exchange interac-
tion,10)

2Tp ( sin 27 p )
= 1— .
J 7\ 9p (1)
Under the same condition, the lowest energy was
also given by Shiba.®) If we denote total number
of molecular sites as N, the number of unpaired elec-
trons is given by Np, and the lowest energy of the
system, E, is expressed by
4|T|p2In2 {1 sin 27 p )}
1 \ 2np )

2
E/N|T| = — {; sin7p +
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In the case of p<1, the E value of Eq. 2 is composed
of two factors; one is the term, E;=—(2/n)N| T |sin
np, and the other, E,=—(4NT2p%I)In2 (1—sin
2np[(2np)). The E, term is regarded as the stabi-
lization energy due to the charge-transfer interaction
between unpaired electrons. In terms of J in Eq.
1, E, is written as —2N Jp In 2. On the other hand,
the E; term is characteristic of less-than-half occupied
system. It becomes zero at p=0 or 1, but has the
most negative value of —(2/m)N|T| at p=1/2. E,
is not a function of 7, but is related only to | 7| and
p. Therefore, E; corresponds to the stabilization en-
ergy due to the charge-transfer interaction between
neutral and ion-radical molecules in one-dimensional
system. If we consider the case of p=1, Eq. 1 is
simply J=2T?%/I, and Eq. 2 is reduced to E=E,=
—(@4NT?/I) In 2 and E;=0. As our model requires,
the J and E values are found to be identical with
those described previously in simple ion radical salt.
In the case of half-occupied Hubbard model with
=1, each molecular site is occupied by one unpaired
electron and there remains no neutral molecular site,
so that there acts no charge-transfer interaction be-
tween neutral and ion-radical molecules in simple
ion radical salts. This is the reason why E;=0 at
p=1. Therefore, the energy stabilization due to E,
appears only in complex ion radical salts.

Next, we shall apply the above-mentioned approach
to certain crystalline complex ion radical salt and
estimate its ground-state stabilization energy. For
purposes of comparison, we shall also examine the
corresponding simple salt. For this purpose, we take
simple cation radical salt of (Phenothiazine)* Br-
and complex salt of (Phenothiazine),* Br—. In pre-
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vious papers,® we reported that the optical and mag-
netic properties of those phenothiazine (PT) cation
radical salts were well explained by applying regular
one-dimensional Hubbard model to the segregated
stack of phenothiazines, and estimated the values of
I=12900 cm~! and T'=—2500 cm™ for the one-di-
mensional system of the simple salt of PT+ Br-.
Moreover, these parameter values could be commonly
used for the one-dimensional system of the complex
salt of (PT),* Br-. Then, the average number of
unpaired electrons per site and the number of pheno-
thiazine sites are p=1 and N=N, (Avogadro number)
for one mole of PT+ Br-, respectively, while they
are p=1/2 and N=2N, for one mol of (PT),* Br-,
respectively. In the case of the simple salt, by the
use of E=—(4NT?/I) In 2 together with the estimated
I and T values, the stabilization energy due to the
charge-transfer interaction between phenothiazine cat-
ion radicals was calculated to be E=—16.0 kJ mol-1.
As for the complex salt, the stabilization energy, E,
is given by two factors, E, and E,. By using the
E, equation together with N=2N,, p=1/2, I=12900
cm~! and 7'=—2500 cm™, the value of E, was de-
termined to be —8.0 kJ mol—!, whose magnitude was
found to be just half of that of E in the simple salt.
In the complex salt, however, the E; term due to
the charge-transfer interaction between neutral and
cation-radical phenothiazines was estimated to be
—38.0k] mol-* by the use of the E; equation. By
summing E, and E,, the ground-state stabilization
energy of the complex salt was E=—46.0 k] mol-1.
We can see that, although the stabilization due to
the charge-transfer interaction between phenothiazine
cation radicals decreases, the total stabilization energy
of the complex salt greatly increases in comparison
with that of the simple salt. The reason for this is
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that the interaction between neutral and cation-radical
phenothiazines plays an important role in the complex
salt.

Since every ion radical salt belongs to a kind of
ionic crystals, Madelung energy is the most important
factor for the cohesive energy.lt) However, the
ground-state energy stabilization due to the charge-
transfer interactions between ion-radical molecules and
between neutral and ion-radical molecules will be
the next important factor for the total cohesive energy
in crystalline ion radical salts.
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