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Such crystalline ion radical salts as Wiirster’s Blue perchlorate and K+ p-Chloranil™ are known to undergo

phase transitions in the solid state.
the low- and high-temperature phases.

There are distinct differences in their optical and magnetic properties between
Using Hubbard Hamiltonian, the electronic states of the high-temper-

ature phases of those solid ion radical salts were explained in terms of an infinite non-alternant linear chain model,
while those of the low-temperature phases, in terms of a dimer model.

The prominent magnetic, electrical and optical
properties of a number of solid ion radical salts have
been the subject of many theoretical and experimental
investigations over the past fifteen years.!-1? In such
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.1*-13) There
have been known several crystalline ion radical salts
that undergo solid-state phase transitions. For ex-
ample, a stable cation radical salt of Wirster’s Blue
(N,N,N’,N'-tetramethyl-p-phenylenediamine) perchlo-
rate undergoes a phase transition at 186 K,!=3 while
an anion radical salt of K+ p-Chloranil -, around 210—
260 K.4:8:9 In both of these salts, because of the struc-
tural change in the phase transition, the optical and
magnetic properties of the high-temperature phases
differ distinctly from those of the low-temperature
phases.1—10)

In previous papers,’*—17) we applied half-filled Hub-
bard model to the segregated stack of ion radical
molecules and investigated the optical and magnetic
properties of a number of crystalline ion radical salts.
In the present paper, we shall apply this method to
Wirster’s Blue perchlorate and K+ p-Chloranil ™ crystals
and explain the electronic states and the optical and
magnetic properties of their high- and low-temperature
phases. This kind of approach will be very important
to investigate the mechanism of the phase transitions
of those ion radical salts.

Wiirster’s Blue Perchlorate

At room temperature the crystal is known to be
orthorhombic and to be built up from non-alternant
one-dimensional columns composed of equivalent
Wirster’s Blue cation radicals along the a-axis, the
intermolecular spacing between nearest neighbor cation
radicals being 3.550 A.1) A phase change into the
monoclinic form occurs at 186 K, and in the mono-
clinic phase the a- and c-axes are almost doubled in
length in comparison with the orthorhombic modifica-
tion.1t

The magnetic susceptibility of Wirster’s Blue per-
chlorate and its temperature dependence were measured
by Duffy and by Okumura.l»2 In the region above
the transition temperature, the salt had been considered
to be a normal paramagnet. The paramagnetic sus-
ceptibility above the transition temperature has been
reported to be consistent with a Curie-Weiss law with
a Curic constant C=0.325 emu deg/mol and a Curie
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Fig. 1. (a) The observed diffuse reflection spectrum of

solid Wiirster’s Blue perchlorate salt at room temper-
ature. The value of Kubelka-Munk function, f(R)=
(1—R)?/2R, was plotted wversus wave number. (b)
The intermolecular charge-transfer band of the salt.
It was obtained by subtraction of the monomer absorp-
tion of the cation radical. See text and Ref. 5.

temperature 0=—23+5K.2) However, the observed
paramagnetism is often short of the expected 1009,
free radical value. For example, Duffy found it to be
949, and Okumura, as low as 819,13 The reason
for this is that, although the cation radicals have almost
free spins, there may act weak antiferromagnetic ex-
change interaction between the cation radicals. Soos
and Hughes considered the salt of the high-temperature
phase to be non-alternant one-dimensional antiferro-
magnet with exchange interaction 2/ g‘_, 8-S, (S=

1/2).19  They used their pseudo-spin method to derive
theoretical magnetic susceptibility oversus temperature
curve. The pseudo-spin result with /=70 cm~! gave
excellent agreement between the observed and theo-
retical magnetic susceptibility curves in the high-tem-
perature phase.

Earlier, we measured the electronic spectrum of
Wiirster’s Blue perchlorate crystal at room temperature
(i.e., the high-temperature phase) by means of diffuse
reflection method.? The observed spectrum is re-
produced in Curve (a) of TFig. 1, where we note a
strong absorption at 16700 cm~! and a weak shoulder
around 12000 cm™'. The strong absorption at 16700
cm~1 corresponds well to the 16400 cm™! band of the
monomer spectrum of Wirster’s Blue cation radical,
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while the shoulder around 12000 cm-! was assigned
to the charge-transfer transition between the cation
radicals in the solid state.>~% By subtracting the
16700 cm~! monomer absorption from the observed
solid-state spectrum, the intermolecular charge-transfer
band of the high-temperature phase is given by Curve
(b) of Fig. 1, and its peak position appears to be at
11900 cm—1.

In order to understand those optical and magnetic
properties of the high-temperature phase of Wurster’s
Blue perchlorate crystal, we consider the system of
non-alternant one-dimensional stack of Wiirster’s Blue
cation radicals in terms of Hubbard Hamiltonian,
which can be written by!41%)

F :ijz Tijcia+cja + IE:‘ ningls (1)

s Jy O
where nio=Cis*Cis, and Ci,* and Ci, are the creation
and annihilation operators of an electron with o-spin
at the i-th site, respectively, and where T;;(<0) is
the transfer matrix element between the i-th and j-th
sites. The Coulomb repulsion potential, I, appears
only when two electrons with up and down spins are
at the same site. For non-alternant one-dimensional
column of ion radicals, we consider the half-occupied
molecular orbital of the unpaired electron as one site
of ion radical molecule, and only take into account
the transfer matrix element between the nearest
neighbor sites. Hereafter, it is simply denoted by T
(<0). We consider a paramagnetic state for our
system, and further assume a d-function for each ele-
mentary transition in which the spin and the wave
vector of an electron are conserved. The intermole-
cular charge-transfer absorption of this system, o(w),
is then given by!?
2 IZ
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A schematic representation of the absorption line shape
has been given in Fig. 1 of Ref. 14. The theoretical
charge-transfer absorption has a sharp divergent peak at
w=I, and has a band width of V' 124472 — in the
region of w>1. On the other hand, we examine the
magnetic properties of the same system. In a region
of small | 7| limit, the Hubbard model leads to a
stabilization of the antiferromagnetic state between ion
radical molecules.1%1?) For a pair of nearest neighbor
ion radicals, if the small direct exchange is neglected,
the energy gap between the parallel and antiparallel
spin states is given by 2 /=4T?/I. Therefore, we can
well consider our solid Wurster’s Blue perchlorate salt
as one-dimensional antiferromagnet with an exchange
interaction, J. In this respect, Soos and Hughes’
treatment of regular one-dimensional antiferromagnetic
model is quite adequate. Therefore, if we combine
the experimental data on the peak energy of the observ-
ed charge-transfer absorption and the exchange in-
teraction parameter derived from the magnetic sus-
ceptibility measurement, we can uniquely determine
the magnitudes of 7 and T of Eq. 1 for our system.

We apply this approach to the high-temperature
phase of the Wirster’s Blue perchlorate crystal. The
observed peak energy of the charge-transfer absorption,
11900 cm™1, thus corresponds to /=11900 cm~1. As
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for the magnitude of the transfer matrix element, by
putting the estimated /=11900 cm™ and /=70 cm™!
values into J=2T?/I, we obtain T=-—650 cm™ for
the one-dimensional system of the Wirster’s Blue
perchlorate salt. The | 7| value thus estimated is
found to be much smaller than the | T'| values esti-
mated with a number of other ion radical salts,14-17)
indicating weak intermolecular interaction between the
Wiirster’s Blue cation radicals.!® This is supported
by the fact that the intermolecular distance between
the cation radicals in the perchlorate salt is as large as
3.550 A and also by the spectroscopic features that the
16700 cm~! band of the solid salt corresponds well to
the monomer spectrum of the Wirster’s Blue cation
radical and that the intermolecular charge-transfer
band appears very weakly as a shoulder in the solid-
state spectrum.

Next, we consider the low-temperature phase of the
same salt. As the phase transition occurs, the non-
alternant one-dimensional stack of Wirster’s Blue
cation radicals alternates strongly in the low-temper-
ature phase.!)) The Wirster’s Blue cation radicals
stack predominantly in a pair-by-pair manner, so that
the crystal system can be practically confined to a
dimer of the cation radicals. In fact, Thomas et al.
observed the triplet-state fine structures in the ESR
spectrum below the transition temperature and deter-
mined the energy gap between the ground singlet state
and the excited triplet state to be 246 cm~%.3 On
the other hand, Sakata et al. and Ishii et al. measured
the crystal electronic spectrum of the perchlorate salt
below the transition temperature.®® With decreasing
temperature, they found marked increase in intensity
of the low-energy charge-transfer absorption, whose
peak position was at 121002400 cm~'. This absorp-
tion was assigned to the charge-transfer transition
between the Wiirster’s Blue cation radicals in the dimer.

On the basis of these experimental results, we con-
sider the electronic state of the low-temperature phase
of the Wirster’s Blue perchlorate salt in terms of a
dimer model of Hubbard Hamiltonian, which can be
written by'®)

F = 2 T(CroCoo+CootCro) + I(nyyny) +nanyy), 3)

where the notations are common to those in Eq. l.
The suffixes, 1 and 2, denote two sites of ion radicals
in a dimer, and 7°(<0) is the transfer matrix element
between ion radicals in the dimer. If we only take
the half-occupied molecular orbital of ion radical for
each site, there are six bases of the wave functions
for the dimer. After solving the eigenvalue problem,
we have three singlet states and one triplet state. A
detail of the wave functions and the energy levels was
described in a previous paper.'® The energy of the
charge-transfer absorption, Avg,, and the singlet-triplet
energy separation, d, are given by

hvor = {(—;—1)2 + @T) 2} "y %1, )
5 = i(-;-l)z + @ T)%} v —;—1. 5)

This dimer model was then applied to the above
experimental results of the low-temperature phase of
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the Wurster’s Blue perchlorate salt. By putting the
observed values of vy, =12100%400 cm~! and 6=
246 cm™! into Eqgs. 4 and 5, we obtain I=hyg,—d=
11900400 cm~ and T=—865=15 cm™1, respectively.
The I value thus estimated almost coincides with the
I=11900 cm™! value of the high-temperature phase,
while the | 7'| value of the dimer is found to be
appreciably larger than the | T|=650 cm™! value of
the high-temperature phase. In view of these results,
the 186 K phase transition associated with slight crystal
structure modification scarcely changes the magnitude
of Coulomb repulsion energy, but increases significant-
ly the magnitude of transfer matrix element of the
dimer in the low-temperature phase.

K* p-Chloranil™

At room temperature, although there are several
polymorphs, in the structure of the orthorhombic o-
form the p-chloranil anion radicals are stacked with
equal intervals, forming non-alternant one-dimensional
columns parallel to the c-axis, the interplanar spacing
being 3.47 A.12 The optical and magnetic properties
and the electronic state of the room-temperature (high-
temperature) phase of the K+ p-Chloranil® salt have
been already discussed in a previous paper.’® The
Hubbard Hamiltonian of Eq. 1 was applied to the
non-alternant one-dimensional column of the p-chlor-
anil anion radicals, and the values of I=11800 cm™!
and T=-—820 cm~! were obtained.

As temperature is lowered, the K+ p-Chloranil™ salt
undergoes a phase transition at 210 K. With increas-
ing temperature, however, a large hysteresis occurs
and the low-temperature phase changes into the
high-temperature phase around 260 K. The magnetic
susceptibility and its temperature dependence in the
low-temperature phase were measured by Andre et al.
and were well explained in terms of an equilibrium
between ground singlet state and excited triplet state
lying 6=400 cm~! above the singlet state.¥ In the
low-temperature phase, although there have been no
crystal structure data, the magnetic behavior strongly
suggests a dimeric structure of the p-chloranil anion
radicals. The electronic spectrum of the solid salt
below the transition temperature was measured by
Hiroma and Kuroda.®) With decreasing temperature,
they found marked increase in intensity of the low-
energy charge-transfer absorption, whose peak position
was reported to be at 11500 cm='. This absorption
was assigned to the charge-transfer transition in the
dimer. In order to explain those optical and magnetic
properties, the dimer model of Hubbard Hamiltonian
of Eq. 3 was again applied. By taking the same
procedure as described in the preceding section, to-
gether with Eqs. 4 and 5, the values of I=11100
cm! and 7T=-—1070 cm~! were estimated for the
low-temperature phase of the K+ p-Chloranil™ salt.
We can also see that the | T'| value of the low-
temperature phase is larger than the | 7| value of
the high-temperature phase. The phase change causes
a slight decrease of the I value in the low-temperature
phase.
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Concluding Remarks

In both of the Wurster’s Blue perchlorate and
K+ p-Chloranil™ crystals, the high-temperature phases
correspond to non-alternant one-dimensional stacks of
ion radical molecules, while the phase transitions cause
alternate stacks of ion radicals in the low-temperature
phases. In the present paper, we cannot explain the
detailed mechanism of these phase transitions, but can
understand the electronic states of both high- and
low-temperature phases in terms of Hubbard Hamil-
tonian. 'The motive force of the phase changes proba-
bly comes from Peierls instability in one-dimensional
system of segregated stacks of ion radical molecules.

As for the transfer matrix element of the high-
temperature phase, the | 77| value of Wirster’s Blue
perchlorate 1s found to be smaller than that of K+
p-Chloranil. In this respect, the intermolecular
interaction between Wiirster’s Blue cation radicals ap-
pears to be weaker than that between p-chloranil
anion radicals. We can understand this difference,
because the intermolecular distance between Wirster’s
Blue cations, 3.550 A, is longer than that between
p-chloranil anion radicals, 3.47 A.

In the low-temperature phases, alternate stacks of
ion radical molecules cause shorter intermolecular
distance in a dimer and longer distance between dimers,
compared to the intermolecular distance in non-alter-
nant stacks. On this basis, it is reasonable that, in
both of the Wiurster’s Blue perchlorate and K+ p-
Chloranil™ salts, the | T'| values estimated with the
low-temperature phases are appreciably larger than
those of the high-temperature phases. Concerning the
magnitude of the | 7’| values in the low-temperature
phases, the | 7’| value of K+ p-Chloranil™ is larger
than that of Wiirster’s Blue perchlorate, so that the
singlet-triplet energy separation of the former salt is
wider than that of the latter. Although we have no
structural information, the p-chloranil anion radicals
may stack in the dimer more closely than do the
Wirster’s Blue cation radicals.

The theoretical consideration made in the present
paper will be useful to investigate the mechanism of
the phase transitions of those solid ion radical salts.
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