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Synopsis. The diffuse reflection spectra were
measured with solid anion radical salts of 2,3-dicyano-p-
benzoquinone and 2,3-dichloro-5,6-dicyano-p-benzoquinone
with rubidium and caesium cations. Strong charge-transfer
transition between anion radicals was observed in the low-
energy region. The spectroscopic features of the charge-
transfer absorption were discussed in terms of one-dimensional
Hubbard model.

In most solid ion radical salts, the planar ion radical
molecules are known to form, in themselves, a segregated
face-to-face stacking into infinite one-dimensional
columns so as to make a large overlap between their
half-occupied molecular orbitals.!=3 In this case, since
any individual radical molecule interacts through
charge-transfer most strongly with two other neighboring
radicals, the electronic spectrum of the solid salt differs
distinctly from the monomer spectrum of the radical
ion in solution but shows a charge-transfer transition
between ion radicals in the low-energy region.'~3

Several years ago,) we examined the solid-state
spectra of some stable anion radical salts derived from
2,3-dicyano-p-benzoquinone (p-H,QCy,) and 2,3-di-
chloro-5,6-dicyano-p-benzoquinone (p-Cl,QCy,). We
prepared such crystalline salts as Nat p-H,QCy,”, K+
p-H,0QCy,", Nat p-Cl,QCy, ", and K+ p-Cl,QCy,", where
we found strong absorptions due to the charge-transfer
transition between anion radicals in the low-energy
region. In the case of Nat p-Cl,QCy,” and K+ p-
CLQCy," salts, the band shape of the charge-transfer
absorption was found to be almost symmetrical with
respect to the axis of peak energy. However, in the case
of Nat p-H,QCy,” and K+ p-H,QCly," salts, the band
shape is no longer symmetrical with respect to the axis
of peak energy, but has a distinct shoulder in the
higher-energy region. Recently, we could well explain
those spectroscopic features of the charge-transfer
absorptions in terms of one-dimensional Hubbard
model.2:3 In the present paper, we further examined
the solid-state spectra of the anion radical salts of p-
H,QCy, and p-Cl,QCy, with rubidium and caesium
cations.

p-H,QCy, was synthesized from p-benzoquinone
according to the method of Thiele et al., while p-
CLQCy, was commercially available. The anion
radical salts of Rb+ p-H,QCy,", Cst p-H,QCy,", Rb*
p-ClL,QCy,", and Cst p-C1,QCy,~ were prepared accord-
ing to the method described in the previous paper.)
The solid-state spectra of these anion radical salts were
measured by diffuse reflection method. The spectra
were recorded on a Beckman DK-2A spectroreflectom-
eter in the range from 4000 to 30800 cm—! at room
temperature. In order to avoid cation exchange between
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Fig. 1. The solid-state spectra of (a) Rb+ p-Cl,QCy,”
and (b) Cst p-C1,QCy,".

the salt and the diluent, the samples were ground and
diluted with pure naphthalene. The solid-state spectra
were obtained by plotting the diffuse reflection spectra
using the Kubelka-Munk function, f(R)=(1—R)?%2R,
in which R is the reflectance.

Figure 1, curve (a), is the observed solid-state
spectrum of Rb* p-Cl,QCy,” salt, which shows a strong
absorption at 13600 cm~! and high-energy bands at
20100 and 24000. These spectroscopic features are found
to be very similar to those previously reported on Nat p-
Cl,QCy," or K+ p-ClLL,QCy,". ) The band peaked at
13600 cm™! appears in the low-energy region where
the p-Cl,QCly, anion radical monomer docs not absorb.)
This low-energy band seems to be attributable to the
charge-transfer transition between the p-Cl,QCy, anion
radicals in the segregated stack of the anion radicals,
while the bands at 20100 and 24000, cm™! to the shifted
bands of the anion radical monomer at 17100 and 21900
cm™1, respectively. Here, we note that the line shape
of the charge-transfer absorption at 13600 cm~! is
almost symmetrical with respect to the peak-energy
axis and that the high-energy bands at 20100 and 24000
cm~! are appreciably blue-shifted, compared to the
corresponding absorptions of the monomer spectrum.
On the other hand, Fig. 1, curve (b), is the observed
solid-state spectrum of Cs* p-Cl,QCy," salt, which also
shows a strong charge-transfer band peaked at 13400
cm~! and high-energy bands at 20500 and 24200. In
this salt, the line shape of the charge-transfer absorption
is again almost symmetrical with respect to the peak-
energy axis. As the charge-transfer transition occurs
in the segregated stack of the p-Cl,QCy, anion radicals,
we can well understand the fact that the energy of the
charge-transfer absorption remains nearly constant in
going from the rubidium salt to the caesium salt.

On the other hand, Fig. 2, curve (a), is the observed
solid-state spectrum of Rb+ p-H,QCy,”. A strong low-
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Fig. 2. The solid-state spectra of (a) Rb+ p-H,QCy,”
and (b) Cs* p-H,QCy,".

energy charge-transfer absorption, which arises from
the segregated stack of the p-H,QCy, anion radicals,
is found at 10300 cm~! with a shoulder around 13500.
High-energy bands are located at 20800 and 25000
cm~1, which originate from the monomer absorptions
of the p-H,QCly, anion radical at 17100 and 21500 cm~1,
respectively.) Here, we note that the charge-transfer
band is broad and has the shoulder in the higher-energy
side and that its line shape is no longer symmetrical
with respect to the peak-energy axis. The solid-state
spectrum of Cs* p-H,QCly," is given in Fig. 2, curve (b).
In this case, the charge-transfer band and the high-
energy bands are located at 10000 cm~! with a shoulder
around 13500 and at 20500 and 25800 cm™!, respec-
tively.

Hereafter, we only discuss the spectroscopic features
of the observed charge-transfer absorptions on the basis
of our previous theoretical approach.? To the segregat-
ed stacks of the p-Cl,QCy, or p-H,QCy, anion radicals
in their solid salts, we apply non-alternant one-dimen-
sional Hubbard model composed of ion radical mole-
cules with half-occupied orbitals. In the case of para-

magnetic state, the intermolecular charge-transfer
absorption, ¢ (w), is given by
P WA SNy, o w3y (1)
4 =1 )

Here, a d-function was assumed for each elementary
transition in which the spin and the wave vector of an
electron are conserved; I is the intra-site Coulomb
repulsion energy, and T (<0) is the transfer matrix
element between nearest neighbor ion radicals in one-
dimensional Hubbard model. A schematic representa-
tion of the absorption line shape of Eq. 1 has been
given in Fig. 1 of Ref. 2. The theoretical charge-
transfer absorption has a sharp divergent peak at w=1.
The spectrum has no absorption in the region w<(Z, but
has a distinct shoulder in the region I<<w<{/I2+4T?2.
Actually, however, the elementary absorption is not a
d-function but involves a finite width, and the spectrum
will become more smoothed,? so that the observed
charge-transfer absorption has an intensity even in the
energy region lower than the peak position. Therefore,
the absorption peak of the observed charge-transfer
band corresponds to w=1, and its band width comes
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partly from the width due to the elementary absorp-
tions but partly from the width due to non-zero transfer
matrix element, 5/I124472—1. We divide the two
contributions of the widths in a way similar to the
previous work.?» With respect to w=1, we subtract the
lower-energy side from the higher-energy side of the
observed charge-transfer absorption. Then, the part
symmetrical with respect to w=1I will correspond to the
contribution of the elementary absorptions, while the
remaining asymmetric part, to the width due to non-
zero transfer matrix element, /I2--4T2—1, because the
absorption in the w<J region is solely attributable
to the elementary absorptions and the absorption of
Eq. 1 appears only in the w>I region.

As for the charge-transfer absorptions of Rbt p-
ClLQCy,” and Cst p-ClL,QCy,", the I values for the
rubidium and caesium salts are estimated to be 13600
and 13400 cm~!, respectively, from the observed peak
energies. In both salts, the band width due to the
transfer matrix element, o/124-472—1, is found to be
400 cm~! or less, and the | 77| values are estimated to be
1500 cm™! or less by using the observed I values.

On the other hand, from the observed peak energy,
the I values for Rbt p-H,QCy,” and Cs* p-H,QCly," are
estimated to be 10300 and 10000 cm ™1, respectively. In
both salts, however, the broad asymmetric charge-
transfer absorption with a distinct shoulder in the
w>I region implies that the band width due to the
transfer matrix clement is comparable to the width of
elementary absorption. By using the above-mentioned
method, the asymmetric part in the higher-energy side
of the charge-transfer absorption, /I2-+4T2—1, is
found to be 2000 cm~ or less for Rb* p-H,QCy,” and
about 2400 cm™! or less for Cst p-H,QCy,”. Thus, the
|T| values for the rubidium and caesium salts are
estimated to be <3400 and <3700 cm~1, respectively.
These values are found to be considerably larger than
the corresponding values for the Rb* p-Cl,QCy,” and
Cst p-ClLQCy," salts.

In conclusion, the solid-state spectra of M+ p-Cl,-
QCy,” and M+ p-H,QCy,”, (M=Na, K, Rb, and Cs),
are predominantly governed by the manner of the
segregated stacks of the anion radicals, but are hardly
influenced by the species of the counter cations. In
such stacks of the anion radicals, the p-H,QCy, anion
radicals stack more closely than do the p-Cl,QCy, anion
radicals. This results in remarkable difference in the
charge-transfer absorptions between the p-Cl,QQCy, and
p-H,QCy, anion radical salts.
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