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Synopsis. Quinhydrone crystals were deposited at 2.0
V vs. Ag onto SnOs-coated glass substrates from aqueous
solutions of hydroquinone in the presence of NaCl, HCl, or
NaOH. The crystals were observed with backscattered im-
age SEM, and characterized with X-ray diffraction and IR
spectroscopy. In situ visible absorption spectra were mea-
sured and a mechanism of deposition is discussed.

Quinhydrone is a representative charge-transfer (CT)
complex between hydroquinone (HQ) as a donor and p-
benzoquinone (BQ) as an acceptor. It is not only a con-
ventional CT complex which has been studied for many
years,? but also a novel type of molecular compound
whose properties, such as a phase transition associated
with the proton transfer,® have drawn attention. Quin-
hydrone is usually prepared by mixing HQ and BQ, or
by chemical oxidation of HQ with iron(III) ammonium
sulfate.)

Electrodeposition, in general, is a method with the
following advantages: (1) The reaction is highly con-
trollable by means of exterior physical conditions such
as potentials, currents, charges, and so on. (2) Chemi-
cally active species, such as oxidizing reagents, are not
necessary, i.e. the system is clean.® (3) Crystals of high
quality can be easily obtained, particularly in the cases
of CT complexes and ion radical salts, which are not sol-
uble in most solvents.®” However, there have been very
few attempts to synthesize quinhydrone by electrocrys-
tallization.

The objective of this work was to prepare quin-
hydrone crystals of high quality by electrodeposition.
The conversion of HQ to quinhydrone involves elec-
tron transfer coupled with proton transfer.” Thus pro-
ton acceptors are needed for the conversion. Therefore,
the electrochemical oxidation of HQ was carried out in
aqueous solutions. The obtained crystals were charac-
terized by some standard techniques. In addition, in
situ visible absorption spectra were measured in order
to clarify the mechanism of quinhydrone generation.

Experimental

Chemicals. HQ (purchased from Kanto Chemicals) was
recrystallized from hot water. Hydrochloric acid, sodium
chloride, and sodium hydroxide were used without further
purification. Deionized water was used for the preparation
of the solutions.

Electrocrystallization. An electrolytic glass cell
equipped with a Ag counter electrode was used. A piece
of SnO2-coated glass (supplied from Showa Denko) served
as the working electrode. HQ (0.4 moldm™3) in the aqueous
solution was oxidized in the presence of NaCl, HCI (both 0.2

moldm™3), or NaOH (0.1 mol dm™2) by applying a potential
of 2.0 V vs. Ag.

Measurements.  Backscattered image scanning elec-
tron microscopy was performed with a JOEL JSM-5300
scanning electron microscope. The reason why backscat-
tered image SEM was used is that Au thin films could not be
evaporated onto the quinhydrone crystals, which sublimed
easily. X-Ray diffraction of the powder was measured with a
Riguku RU-3 diffractometer. IR spectra were measured with
a Hitachi 215 IR spectrometer by a KBr method. In addi-
tion, in situ visible absorption spectra were measured with
a Shimadzu MPS-2000 spectrophotometer, using a quartz
cell equipped with SnO2-coated glass and Ag electrodes.

Results and Discussion

Characterization of the Crystals. When a po-
tential of 2.0 V vs. Ag was applied in the aqueous solu-
tions of HQ in the presence of NaCl, HCI, or NaOH for
two hours, dark brown crystals were deposited on the
electrode. According to the elemental analyses results,
the observed contents of C and H were in good agree-
ment with the calculated values. Both the Na and Cl
contents were within acceptable error (less than 0.3 and
0.9 wt% for Na and Cl, respectively).

Figure 1 shows an SEM image of a crystal produced
from NaCl solution. Because quinhydrone sublimes eas-
ily, the specimen could not be coated with Au for ordi-
nary SEM observation. The backscattered image SEM
method was applied without a conductive coating. The
photograph shows hexangular prisms with a length of
hundreds of micrometers, which are characteristic of
quinhydrone single crystals.®> The diffraction patterns
were in agreement with those predicted from mono-
clinic simple lattice.®> We cannot see typical hexangular
prisms in the SEM images for the specimens produced
from HCl and NaOH solutions. However, the X-ray
diffraction data support that these specimens consist of
monoclinic quinhydrone.

Figure 2 shows the IR spectra of the electrocrystal-
lized products. We can see absorption bands which are
characteristic of quinhydrone for each kind of specimen:
3240 cm~! (OH stretching), 1634 cm™! (C=O stretch-
ing), 1592 cm~!, 1310 cm~! (C=C stretching), 1085
cm~! (CH in-plane deformation), and 898 cm~! (CH
out-of-plane deformation).” The spectra for the prod-
ucts obtained from the three kinds of solution were sim-
ilar to each other, except for some fine structures. For
example, the absorption peaks at 1094 and 1085 cm™!
appeared in all the products, whereas the absorption
peak at 1090 cm™! appeared only in the product ob-
tained from HCI solution. The difference may be based
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Fig. 2. IR spectra of the electrocrystallized quinhy-
drone. Specimens produced (a) from NaCl, (b) from
HCI, and (c) from NaOH solutions.

on protonation on the surface of the crystal.

The specimen was diamagnetic as shown by the ESR
results. Such a result suggests that the degree of charge
transfer is about zero in the ground state.

Mechanism for Electrodeposition. Figure 3
shows the in situ visible absorption spectra, each of
which was measured every 10 min. In addition to the
spectra observed on application of a potential of 2.0 V
vs. Ag, Fig. 3 also shows the spectra after the removal
of the potential (broken lines).

The in situ spectra strongly depended on the elec-
trolytic solutions: (a) NaCl, (b) HC], and (c) NaOH.
In the cases of (a) and (c), sharp absorption peaks
appeared at 402 and 428 nm and grew gradually on
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Fig. 3. In situ visible absorption spectra, measured in

(a) NaCl, (b) HCI, and (c) NaOH solutions. Solid
lines, observed on application of the potential; bro-
ken lines, observed after the removal of the potential
every 10 min. Numerals beside the broken lines mean

the time passed (in min).

application of the potential. Such twin peaks can be
assigned to the semiquinone anion radical; Kimura et
al.1% have determined the wavelengths of the absorp-
tion bands for the semiquinone anion radical, formed
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by irradiation of UV light in ethanol solution at 77 K,
as 407 and 432 nm. Fukuzumi et al.'® have determined
these values, for the radical formed by chemical oxida-
tion with MnO,, to be 404 and 430 nm.

On the contrary, in the case of (b), i.e., at low pH,
a broad band appeared around 430 nm and grew on
application of the potential. In this case, perhaps a
protonated species, neutral semiquinone radical, is pre-
dominant. According to Kimura et al.,'® semiquinone
radical shows four peaks at 391, 399, 406, and 415 nm.
The broad band around 430 nm suggests the coexis-
tence of neutral semiquinone radicals and semiquinone
anion radicals.

Even at higher pH, after the potential was removed,
the absorption band also became broader. This can be
ascribed to protonation of the semiquinone anion rad-
icals, followed by dimerization of the neutral semiqui-
none radicals. Kimura et al.'V have reported that the
semiquinone anion radicals dimer shows an absorption
band at 585 nm. In addition, semiquinone radicals can
perhaps make a dimer with an absorption band around
such a long wavelength. However, no absorption bands
were observed in this region. This can be explained in
terms of a short life of this dimer; the dimer could suf-
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fer rapid electron transfer from one radical to the other
and deposition onto the electrode.

The suggested mechanism of quinhydrone generation
is as the scheme shows (Scheme 1).

The authors are grateful to M. Endo of Yamagata
University for the Cl and Na elemental analyses of the
specimens. Financial aid from the Iketani Science and
Technology Foundation is acknowledged.
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