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Synthesis and Properties of Centrosymmetric DDQ

Analogs and Their Charge-Transfer Complexes
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Interdisciplinary cooperation between synthetic chemistry, physical
chemistry, and the solid state physics has opened a new field of science which
focuses on the development and study of molecular materials having interesting
electrical, magnetic and optical properties in the solid state. Since the solid
state properties of the molecular materials depend on the molecular symmetry or
spatial arrangements, it is interesting to study and design new molecular
materials with centrosymmetric nature.

An important electron as well as hydride and proton acceptor in the
solid state chemistry and physics is 2,3-dichloro-5,6-dicyano-1, 4-benzoquinone
(DDQ) whose molecular symmetry is (:+.. The positional isomer of centosymmetric
DDQ, 2,5-dichloro-3,6-dicyano-1,4-benzoquinone (1, CDDQ), possesses Cz
molecular symmetry. Therefore, we studied the basic properties of CDDQ, such as
a convenient synthetic procedure, molecular properties, crystal structure, and
the physical properties of the charge-transfer complexes with variety of donors
in order to clarify the differences of solid state properties compared with DDQ
and to obtain new molecular materials. In addition, a centrosymmetric bromo
derivative, 2,5-dibromo-3,6-dicyano-1,4-benzoquinone (2, CBDQ), was also

synthesized and studies the basic properties.
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pbaQ pBoQ 1, CDDQ 2, CBDQ

Two methods were described by two groups for preparing DDQ analogs
with centrosymmetry. The first synthetic method was started from 1,4-
benzohydroquinone and the introduction of chlorine or bromine atom at the
earlier step and then transformation of functional groups. They suppose it is
not easy to prepare a large amount of both quinones because of their long steps
of synthesis even if the chemical yield of each reaction is pretty high. While
second one for the synthesis of 1 is more convenient synthetic route using the
four steps procedures; but they did not described the other centrosymmetric
DDQs, especially 2, CBDQ. According to this short steps method, they have
studied the syntheses of 1 in detail and opened an improved synthetic method of
1. Furthermore, they have also found a new synthetic procedure for 2. These
synthetic procedures are reproducible on a large scale from only one precursor,

2,5-dicyano-1, 4-hydroquinone 6(scheme 1).
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Scheme .1
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The melting point of CDDQ
and CBDQ are 209 T and 220 T,
respectively. Their appearances are
light yellow needle-like crystal and
they are soluble to common organic
solvents. These are slowly
decomposed in organic solvents
containing water. The cyclic
voltammetry measurements were carried
out in PhCN and reveal that these

compounds are good acceptors. These

acceptors exhibit two pairs of

The crystal strycture of CDDQ

reversible waves corresponding to
one-electron transfer processes.
Both half-wave potentials of 1 (£=+0.55 V and -0.36V vs SCE) and 2(£=+0.53 V and
-0.31 V vs SCE) have comparable strength to that of DDQ (£=+0.59 V and -0.30V vs
SCE) and DBDQ (£=+0.58 V and -0.29V vs SCE). Furthermore, they obtained a
good crystal of 1, which was appropriate for X-ray crystallographic analysis, by
two-times recrystallization from CH:Cl: at 0 T. The structure of 1 has turned
out to be more planar confirmation than DDQ. The closer 0...0 interaction is
3.10 A. Al]l other intermolecular contacts are less than 3.6 A The geometry of
1 has a quinonoid geometry.

The solid-state charge-transfer complexes containing centrosymmetric
DDQs (1 and 2) are hitherto unknown. They have used three types of donors
(Scheme 2), for the preparation of charge-transfer complexes. They are (a) TTF-

type derivatives, (b) aromatic amines and (c) aromatic hydrocarbons.
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Scheme 2. Donors used to prepare centrosymmetric DDQs complexes.

The results of the charge-transfer complexes are as follows: (a)
semiconductive, black crystals were obtained with BEDT-TTF (ET), TMTTF and OMTTF
and black powders were obtained from TTF, DBTTF and TTT, (b) hydrogen-bonded
charge-transfer complexes (based on infrared spectra) were formed from the
donors, p-phenylenediamine, benzidine, 3,3  -dimethylbenzidine, and 3,3 -
dimethoxybenzidine. Dark green powder were obtained from 1,6-diaminopyrene, and
phenothiazine, (c) dark green crystals were obtained with perylene. A single
crystal suitable for crystal structure analysis was obtained only for the
perylene-CDDQ complex. All the products were studied by their optical and
electrical properties.

Almost all the infrared spectra of the complexes of TTF type donors
show the broad absorption (2500-4000 cm™') which moves to lower energies as the
conductivity of the material increases. The broad bands located at around 2500
and 2850 cm™' in the aromatic amine complexes constitute the pattern of the
NH...0 type hydrogen-bonded system. From the position of the C=N stretching

frequency a neutral nature was found for the o-tolidine-1, phenothiazine-1
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perylene-1 and perylene-2 complexes. The other CDDQ complexes were assigned to
ionic (degree of charge-transfer varied from 0.57 to unity). Furthermore, the

1

C=0 frequencies were detected in the 1540-1580 cm™  region, which support the
anionic structures. The electronic spectra of the complexes of TTF, ET, TMTTF
(dimer), DBTTF, and OMTTF with 1 and 2 reveal characteristic bands extending
below 5000 cm™', leading that they have normally ionic ground state (0.5<degree
of CT<1). Such low energy bands at around 6000-4000 cn” ! might be assigned to
an intra band CT transition for a mixed valance state.

Electrical conductivities of single crystals were measured by the
four-prode method, except that of OMTTF-1, perylene-1 and perylene-2 complexes.
The other powder samples were measured by the two-prode method on compressed
pellets. Interestingly, the ET-1, TMTTF-1 and TMTTF-2 complexes showed higher
conductivity than that of DDQ. Among them, ET-1 (room temperature resistivitys=
3 ohm cm) shows the highest conductivity. All the TTF type complexes show
semiconducting behavior. The aromatic amines and phenothiazine complexes show
typical insulating behavior. The minimum resistivity values in the range of 107
to 10° ohm cm were measured on compressed powder except that of the complexes of
DAP with 1 and 2 which exhibit resistivities of the order of 10° ohm cm.

The crystal structure analysis of perylene-1 indicates that each
molecule has a center of symmetry. The packing modes of perylene-1 consist of
stacks of alternating donor and acceptor molecules, a packing motif common to
the vast majority of organic charge-transfer complexes. It is of interest,
therefore, to examine the relative donor-acceptor orientation in order to gain

some understanding of this stacking mode in view of the orbital-symmetry.

Crystal packing in perylene-CDDQ

They have not obtained single crystals of CT complexes of
centrosymmetric DDQs with TTF type donors so far. Interestingly, they found
that the halogen atoms of centrosymmetric DDQs were substituted by the hydroxyl
group and deprotonated during the crystallization processes to give a single
crystal of the CT complexes of deprotonated 2,5-dicyano-3,6-dihydroxy-1,4-
benzoguinone, that is, hydrogen cyananilate (HCNAL), with TMTTF. The cyananilic
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acid (CNAA) acceptor was prepared according to known procedure (Scheme3) and

successfully gave the same single crystals, (TMTTF):HCNAL.

Scheme 3.

NaOH, HCI

NC Br NC OH
o} 0

CNAA

Furthermore, ET and OMTTF also gave single crystals of CT complexes
with HCNAL, which are suitable for X-ray crystal structure analysis. The

structures of these complexes were successfully solved.

Mﬁ:ﬂ:s>::<z:H:Mo Hoj ii jCN [:::[:ﬁ}::(i :: HO: ii :CN
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(TMTTF), HCNAL (OMTTF),(HCNAL),
S HO CN
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(ET),HCNAL

The stereoview of the crystal packing of the TMTTF, ET and OMTTF
with HCNAL are shown below:

The crystal structure of (TMTTF)HCNAL

— 112 —



The crystal structure of (OMTTF)3(HCNAL),

The infrared spectra of the TMTTF, ET and OMTTF with HCNAL complexes
show the C=N stretching mode at around 2192 cm™', 2205 cm”' and 2204 co ',
respectively. The degree of charge-transfer was calculated as 0.69, 0.48 and
0.49, respectively, by using the C=N stretching frequency of the Na"HCNAL™ and
the neutral CNAA. The charge-transfer bands of these complexes are low energy
band, i.e., less than 4500 cm™'. This indicates the ionic nature of the

complexes.
The room temperature conductivity of single crystal of (TMTTF):HCNAL
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and (ET):HCNAL complexes were found to be 0.03 Scm™' and 0.83 Scm ',
respectively. Investigation of the temperature dependence of the d.c.
conductivity (between 305.5 and 140.0 K) points out an activation energy are
0.052 eV and 0.014 eV, respectively. The (OMTTF)s (HCNAL): complex shows the
insulating behavior (2.6 x 107° Sem™').

The temperature dependence of the static magnetic susceptibility of
several single crystals of (TMTTF) :HCNAL has been studied over the range of
4.5-400Km{ The spin susceptibility y (T) has broad maximum around Tma: ~270K and

the value at room temperature is about 8 x 10™* emu mol™'.

The feature with a
broad peak proves the presence of localized spin (S=1/2) coupled by
antiferromagnetic interactions in the one dimensional frame, taking into

account the semiconductive properties of this compound.
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